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Abstract 
The work in this thesis focuses on the preparation of epitaxial Nd-Fe-B thin films using pulsed 
laser deposition for good hard magnetic properties. They are suitable for a basic understanding 
of the intrinsic magnetic properties. Compositional control was necessary to achieve phase 
formation with improved magnetic properties. Nd-Fe-B samples were prepared on single 
crystal MgO (001) substrates with different buffer layers in order to obtain good textures with 
different surface morphology.  
The smooth and continuous epitaxial films were suitable for performing magnetization 
measurements under stress. Although the magnetostriction is easily neglected in the Nd2Fe14B 
compound, distinguishable inverse magnetostriction was observed by conventional tensile 
elongation with a flexible substrate. As a result, anisotropic strain in the film, which breaks the 
in-plane symmetry, affected the opening angle during the spin reorientation. Therefore an 
elliptical distortion of the in-plane anisotropy below the spin reorientation temperature of 
Nd2Fe14B was obtained, whereas the transition temperature itself was not influenced 
significantly.  
Kurzfassung 
Diese Arbeit behandelt die Herstellung dünner epitaktischer Nd-Fe-B-Schichten mit gepulster 
Laserdeposition mit dem Ziel, gute hartmagnetische Eigenschaften zu erreichen. Diese 
Schichten sind außerdem für das Verständnis grundlegender magnetischer Eigenschaften 
geeignet. Die Kontrolle der Zusammensetzung ist notwendig, um die Phasenbildung und 
optimale hartmagnetische Eigenschaften zu erreichen. Nd-Fe-B-Schichten wurden auf 
einkristallinen MgO (001)-Substraten mit verschiedenen Buffern deponiert, um 
unterschiedliche Texturen und Oberflächenmorphologien einzustellen. 
Die glatten kontinuierlichen epitaktischen Schichten ermöglichen die Messung der 
Magnetisierung bei gleichzeitig angelegter mechanischer Spannung. Obwohl die 
Magnetostriktion bei Nd-Fe-B im Allgemeinen vernachlässigt werden kann, konnte an Nd-Fe-
B-Schichten nach dem Aufbringen einer Dehnung auf ein flexibles Substrat eine deutliche 
inverse Magnetostriktion induziert werden. Die anisotrope Dehnung in der Schicht, die die 
Symmetrie in der Schichtebene bricht, beeinflusst die Öffnungswinkel bei der 
Spinreorientierung. Damit wurde unterhalb der Spinreorientierungstemperatur eine elliptische 
Verzerrung der Anisotropie in der Schichtebene erreicht, die Übergangstemperatur selbst 
änderte sich dagegen nicht signifikant.  
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1 . Introduction 
 
Magnetic materials are classified into 3 groups by their magnetic coercivity: soft, semi-hard 
and hard magnetic materials [Coe96]. Soft magnetic materials are used mainly in the magnetic 
core of transformers, motors, inductors and generators. These have low coercivity (less than 1 
mT) and no magnetocrystalline anisotropy. Therefore, almost as soon as the direction of the 
applied field is reversed, their magnetization direction is also reversed. Semi-hard magnetic 
materials include all alloys whose coercivity is between that of soft magnetic and hard 
magnetic materials. These alloys are ideal for applications such as data storage devices which 
require permanent magnets in the form of strips, rods and wires or those for the production of 
stamped, stamped-bent and machined parts. Hard magnetic materials, so called permanent 
magnets, have a wide range of applications from toys and refrigerator magnets to mass 
produced electrical goods, e.g. loudspeakers, microphones, etc., and high-tech devices such as 
hard disk drives, data storage, and medical applications. 
Key requirements for permanent magnets are a high remanence, a high coercivity and a nearly 
rectangular hysteresis loop. Thus, their magnetization remains before they are exposed to 
strong external fields up to the large reverse field. These properties define the energy product 
(BH)max [Sko99] - the ability of the magnet to store magnetostatic energy. Some intrinsic 
properties of hard magnetic materials are summarized in Table 1. 1. To obtain large (BH)max, 
both high coercivity and high remanence are required. Modern permanent magnet materials e.g. 
Nd2Fe14B and SmCo5 are based on intermetallic compounds of 4f rare-earths and 3d transition 
metals with very high magnetocrystalline anisotropy [Coe96]. Until the mid 20th century, the 
materials with the highest coercivity were AlNiCos and Ferrites. Today, the high anisotropy of 
rare-earth intermetallics makes it relatively easy to create sufficient coercivity and the main 
limitation is the remanence. The first discovered rare-earth intermetallic compound is SmCo5 
which has a significantly higher energy-product than AlNiCo magnets (Fig. 1. 1). Its high 
saturation magnetization and high Curie temperature results in very attractive permanent 
magnet applications. However, it has a disadvantage in cost as Co is significantly expensive 
compared to e.g. Fe. Nd-Fe-B compounds have become the best permanent magnet for many 
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applications due to its theoretically highest energy-product (512 kJ/m3), its high saturation 
magnetization and its low price. The magnetism of the rare earths has been known for several 
years, especially their high anisotropy fields [Rad87]. More detailed information about the Nd-
Fe-B compound and its anisotropy will be given in Section 2.1. In contrast to the theoretical 
calculation, experimental maximum energy-products of Nd-Fe-B have only reached 460 kJ/m3 
[Kan04] up to now. This is because magnetic properties are not decided only by intrinsic 
properties. Actually intrinsic properties give the upper limit of their magnetic properties. e. g. 
the saturation moment decides the maximum remanence which can be obtained, the Curie 
temperature decides the maximum operating temperature and the anisotropy field limits the 
coercivity in the material. Together with the intrinsic properties, the processed microstructure 
also affects the magnetic properties. Important microstructural parameters are especially the 
composition, the grain size, and the alignment of the grains. 
Table 1. 1. Intrinsic properties and derived properties of various hard magnetic materials 
[Ceb02, Kle95, OHa00, Wel99]: Curie temperature (TC), saturation polarization (JS), uniaxial 
magnetocrystalline anisotropy constant (KU), anisotropy field (μ0HC) and theoretical maximum 
energy product (BHmax) 
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Fig. 1. 1 The energy product development in the 20th century [Sko99] 
The best exploitation of the intrinsic saturation polarization of a material can be achieved with 
a highly textured sample in which the easy axis of magnetization is aligned for all grains. Thus 
the sample behaves almost as it were a single crystal. For thin films, best properties are 
therefore expected for epitaxial growth.  
One of the aims in this work is the preparation of epitaxial hard magnetic Nd-Fe-B thin films 
with optimum growth conditions to achieve the best combination of coercivity, remanence and 
energy-product. Beyond a simple optimization, this work additionally analyses the correlation 
from film growth to magnetic properties for understanding mechanism. Therefore Nd-Fe-B 
films were deposited with different buffers on MgO (001) substrates (Chapter 4). A study 
about the compositional control was performed in Chapter 5. Since the work focuses on 
epitaxial thin films, the fundamentals of nucleation and growth of such films will be 
summarized in Section 2.2 and additionally a complete overview of the properties of Nd-Fe-B 
films will be described in Section 2.2.2.  
In addition to their application - relevant properties, it will be shown that these thin films 
additionally allow a detailed study of the intrinsic properties. In particular the influence of a 
strained unit cell on the spin reorientation in Nd-Fe-B will be examined. To apply the strain on 
the film, a flexible substrate is necessary. In Chapter 6, Nd-Fe-B films on hastelloy substrates 
will be described before and after straining, with emphasis on the change of the lattice constant 
and the magnetic properties.  
 
 
 
 
 
 
 
2 . Fundamentals 
 
Crystallographic structure, different types of magnetic anisotropy and anisotropic magnetic 
properties such as spin reorientation transition occurring in the Nd-Fe-B system will be 
introduced in Section 2.1 [Cul72, Bus04]. In Section 2.2 the growth mechanisms of thin films 
will be briefly introduced and the published work on Nd2Fe14B films will be reviewed. The 
mechanical stress-strain relationship as well as the strain effect on the properties of such films 
will be described in Section 2.3. 
 
2.1 The Nd-Fe-B alloy system 
The Nd2Fe14B phase was discovered in 1984 by Sagawa et al. [Sag84] and Croat et al. [Cro84]. 
Nd2Fe14B magnets have a theoretical energy product of 512 kJ/m3, which is the highest value of 
all permanent magnetic materials up to now. Knowledge of the crystal structure and of 
neighboring phases enables a better understanding of its magnetic properties. Based on the 
structure, the anisotropic magnetic properties of Nd2Fe14B will be described in this section.  
 
2.1.1 Crystallographic structure 
The Nd2Fe14B compound has a tetragonal crystallographic structure with space group P42/mnm 
[Giv84, Her91] illustrated in Fig. 2. 1. The unit cell has 68 atoms with the lattice parameter a = 
8.8 Å and c = 12.19 Å. It has 8 layers which repeat along the c-axis. There are 6 
crystallographically distinct Fe sites, two different Nd positions, and one B site. The Nd and B 
atoms together with some Fe atoms are in the z = 0 and z = 1/2 mirror planes. Most of the Fe 
atoms form specific hexagonal nets in between these planes [Her84]. The boron atom stabilizes 
the tetragonal structure of the 2-14-1 phase. The magnetic properties of Nd2Fe14B arise from 
the magnetic moments of the individual Nd and Fe atoms and from their interactions within the 
crystal lattice. Fe atoms have different magnetic moments depending on their position in the 
Nd2Fe14B unit cell. The magnetic moments can be measured by Mössbauer spectroscopy 
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[Fru87, Min93] and neutron diffraction [Giv85, Lin98] and can be calculated by energy band-
structure theory [Bol87, Nor91, and Sel88]. Magnetic moments are described in units of the 
Bohr magneton (μB=0.927×10-23Am2). Depending on its position, the magnetic moment of Fe 
in Nd2Fe14B varies between 2.1 μB/atom and 2.9 μB/atom [Nor91]. In Nd, 3 electrons are 
present in the 4f-shell and these electrons have a strong spin-orbital coupling. Nd stays in the 
structure as Nd3+ with a magnetic moment of 3.3 μB/atom, which is higher than that of a Fe 
atom. However, the Nd atoms in the unit cell contribute less than the Fe atoms to the 
magnetization because the atomic volume fraction of all Fe atoms is about 3 times larger 
compared to all Nd atoms.  
 
 
Fig. 2. 1 The tetragonal unit cell of Nd2Fe14B with various crystallographic lattice planes of Nd, 
Fe and B [Sko99]. The symbols indicate the number of different positions and their Wyckoff 
notation. 
The magnetic anisotropy of Nd2Fe14B originates from the Nd and Fe sublattices, especially 
from the interaction of the 4f (Nd)-3d (Fe) orbital moments, stabilized by crystal electric field. 
The coupling between 3d (Fe)-4f (Nd) is possible Regarding the intervention of 5d electrons of 
the Nd. The overall coupling is the coupling between 4f and 5d orbital of the Nd (intra-atomic 
coupling) and the coupling between 3d orbital of the Fe and 5d orbital of the Nd (inter-atomic 
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coupling). 4f-5d coupling (intra-atomic coupling) is always ferromagnetic. The hybridization of 
5d state of Nd results in strong antiferromagnetic coupling between 3d (Fe)-5d (Nd) coupling. 
These two coupling (3d-5d (inter-atomic, antiparallel) and 4f-5d (intra-atomic, parallel)) result 
in a strong antiparallel exchange coupling between 4f (Nd) and 3d (Fe). Hence, magnetization 
of Nd and Fe are parallel and Nd and Fe sublattice are aligned to the c-axis of the structure. 
Therefore, only one magnetic easy-axis (c-axis) exists and the moments sum up to a saturation 
magnetization of 1.61 T at room temperature. Also, a strong exchange coupling between the 3d 
electrons in Fe and the 4f electrons in Nd holds the direction of the anisotropy in a broad 
temperature range.  
However in the Nd-Fe-B system, the anisotropy is temperature dependent. In the low 
temperature regime, the total Nd moment is more pronounced than the total Fe moment, where 
higher-order terms in the crystalline electric field acting on the Nd ions become more important. 
Nowik et al. [Now90] strongly indicates that the Nd and Fe moment are not collinear below a 
temperature of 135 K, at which the total magnetization begins to cant away from the c-axis. 
This phenomenon is called spin reorientation transition.  
 
2.1.2 Phase diagram of Nd-Fe-B 
 
 
(a)                                                                    (b) 
Fig. 2. 2 Section of the ternary phase diagram of the Nd-Fe-B system at a constant Nd:B ratio 
of 2:1 [Sch86] and isothermal section of the Nd-Fe-B phase diagram at 1050 °C [Kno96] 
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In bulk Nd-Fe-B, three ternary stable phases have been identified: Nd2Fe14B (tetragonal φ 
phase), Nd1.1Fe4B4 (orthorhombic η phase), and Nd5Fe2B6 (rhombohedral ρ phase) [Kno94]. A 
section through the ternary phase diagram of the Nd-Fe-B system at a Nd/B =2:1 is shown in 
Fig. 2. 2(a) [Sch86]. The formation of the Nd2Fe14B phase occurs through a peritectic 
transformation at 1180 °C: L+γFe →φ. The Nd2Fe14B is a line compound, the composition of 
which is 82.4 % Fe. Fig. 2. 2 (b) shows the isothermal section of the Nd-Fe-B phase diagram at 
1050°C [Kno96]. Near stoichiometry, in the composition with less Nd content, a three phase 
equilibrium exists between the highly anisotropic Nd2Fe14B and Fe and Nd2Fe17 (ψ) which are 
ferromagnetically soft phases. On the Fe-rich side of the stoichiometry composition, Nd2Fe14B 
forms a three phase equivalent with Fe and Fe2B, which also have soft magnetic properties but 
a higher moment compared to Nd2Fe14B. This can be used for remanence-enhanced 
nanocrystalline magnets. In the Nd rich composition, the Nd2Fe17 and the Nd-rich- phase 
coexist with Nd2Fe14B. In the sintering process, the Nd-rich phase can act as a sintering aid 
[Sch86], and if the Nd phase grows as an intergranular phase between the Nd2Fe14B grains, 
coercivity increases [Had99]. If the boron concentration and Nd concentration are higher than 
stoichiometry, the η phase exists together with Nd2Fe14B. However, the presence of the η phase 
tends to reduce the coercivity.  
Hence, an offset from stoichiometry produces a nanocrystalline impurity phase which can be 
used to control the magnetic properties. For bulk magnets, nanocrystalline Nd-rich magnet 
powders are obtained by various non-equilibrium techniques like: melt spinning [Cro84], 
mechanical alloying [Sch87] and intensive milling [Bol01] or HDDR (hydrogen-
disproportionation-desorption-recombination) [Gut96], though for the HDDR powders just the 
intermediary state is in the nanoscale. 
In thin polycrystalline Nd-Fe-B films, an analogous behavior seems to hold. The composition 
influences the phase formation and the magnetic properties. When the Nd ratio increases up to 
around 30 at%, coercivity increases because an intergranular Nd phase forms which 
magnetically decouples the Nd-Fe-B grains. On the other hand, the remanence increases at a 
low Nd content due to the formation of the Fe phase [Han04b, Kim01, Par96]. There are also 
some reports about the crystallographic texture and the magnetic texture depending on 
composition. When the Nd content increases, the c-axis texture improves as films grow with a 
columnar microstructure resulting in a better magnetic texture [Han04a, Kim01]. Contrary to 
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this, Nakanishi et al. [Nak99] and Tang et al. [Tan98] presented results that the c-axis texture 
improves when the Fe ratio increases. Thus the magnetic properties also change from an 
isotropic to an anisotropic behavior to get higher saturation magnetization. 
 
2.1.3 Magnetic anisotropy 
Magnetic anisotropy means that magnetic properties are different when measuring along 
different directions. It may strongly affect to the shape of M-H curves and, through the 
knowledge of magnetic anisotropy, magnetic materials can be understood better. There are 3 
key kinds of anisotropy in magnetic materials: shape anisotropy, magnetocrystalline anisotropy 
and magnetostrictive anisotropy. Here in this section, focused on the Nd-Fe-B hard magnetic 
material, these different anisotropies will be described.  
 
2.1.3.1 Magnetocrystalline anisotropy 
The magnetocrystalline anisotropy is an intrinsic property caused by the spin-orbit interaction 
of the electrons, independent of grain size and shape. The electron orbits are embedded into the 
crystallographic structure and, by their interaction with the spins, they prefer to align along 
well-defined crystallographic axes. Therefore, there are directions in space, in which a 
magnetic material is easier to magnetize than in others. Such a direction is called easy axis. 
Magnetization curves along the easy and the hard axis for Nd2Fe14B are depicted in Fig. 2. 3. 
The magnetocrystalline energy is usually small compared to the exchange energy. But the 
exchange interaction just tries to align magnetic moments parallel to each other, without 
reference to a crystal orientation.  
The magnetocrystalline anisotropy energy Emc in a material with tetragonal symmetry may be 
described by [Bus04] 
⋅⋅⋅⋅+++++= θϕθϕθ 63342221 sin)4cos'(sin)4cos'(sin KKKKKEmc        (2. 1) 
where K1, K2, K2’, K3 and K3’ are the anisotropy constants [Hoc88, Yam86] and where the 
direction of the spontaneous magnetization relative to the single uniaxial (c-axis) direction is 
given by the polar angle θ and where the in-plane direction of the magnetization relative to the 
[100] direction is given by the angle ϕ. However, the in-plane anisotropy is small [Ver88].  
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Fig. 2. 3. Magnetic measurements of an Nd2Fe14B single crystal in easy and hard direction at 
300 K [Sag85]. 
 
 
Therefore, the ϕ term is often neglected. These anisotropy constants are strongly temperature 
dependent. The measured temperature dependence of the anisotropy constants for Nd2Fe14B is 
shown in Fig. 2. 4.  
When applying an external magnetic field H
r
, the magnetic potential energy, namely the 
Zeeman energy EZeeman is given as: 
 )90cos(00 θμμ −°⋅⋅−=⋅−= HMHME SSZeeman
rr
                            (2. 2) 
Where MS is the saturation magnetization. The magnetization direction is decided by 
minimizing the sum of the magnetocrystalline anisotropy energy and the Zeeman energy.  
0coscossin6cossin4cossin2
)(
0
5
3
3
21 =−++
=∂
+∂
θμθθθθθθ
θ
HMKKK
EE
S
Zeemanmc
       (2. 3) 
Also the magnetization M is the projection in field direction, so  
     θθ sin)90cos( ⋅=−°⋅= SS MMM                                             (2. 4) 
Combining equations (2. 4) and (2. 3) for the elimination of θ, the equation is given as: 
5
0
33
0
2
0
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6
)(4)(2
SSSSSS M
M
M
K
M
M
M
K
M
M
M
KH μμμ ++=                               (2. 5) 
From equation (2. 5), the value of H at saturation (M = MS) is expressed by  
SS
s J
KKK
M
KKKH 321
0
321 642642 ++=++= μ                                     (2. 6)  
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Fig. 2. 4 The temperature dependence of anisotropy constant values in Nd2Fe14B [Hoc88] 
 
Here JS is called as polarization. When K2 and K3 can be neglected, magnetization vs. magnetic 
field becomes a straight line, saturating at the anisotropy field HA 
SS
A J
K
M
KH 1
0
1 22 == μ                                                      (2. 7) 
The anisotropy field μ0HA of Nd2Fe14B at room temperature is 6.8 T, obtained by extrapolating 
the easy axis and the hard axis magnetization curve from low fields to intersection as shown in 
Fig. 2. 3. The saturation field μ0HS is 7.8 T [Aba86, Sag85]. 
Usually, the anisotropy constant values of K1 and K2 are dominant for the magnetocrystalline 
anisotropy energy and K3 can be neglected in Nd2Fe14B so that one can use  
θθ 4221 sinsin KKEmc +=                                              (2. 8) 
The preferred magnetization direction is decided from values of K1 and K2. If K1 predominates 
and K1>0, the easy magnetization axis will be the c-axis. It will be perpendicular to the c-axis if 
K1<0. However, if K1 is not predominant, the preferred magnetization direction may point in 
other directions and one must consider the value of K2 also. If one has a situation in which  
K1>0   and   K1+K2>0,                                                  (2. 9) 
the energy minimum is at θ=0 and the preferred magnetization direction will be the c-axis. 
Whereas if 
K1<0   and   K1+K2<0,                                                  (2. 10)   
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the lowest energy is reached for θ=90 and the magnetization will be preferentially 
perpendicular to the c-axis. This situation is called easy plane. But if  
K1<0   and   K1+2K2>0,                                               (2. 11) 
the energy minimum is reached for a θ value given by 
2
12
2
sin
K
K−=θ  and the magnetization 
will be at an specific angle from c-axis, resulting in an easy cone.  
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Fig. 2. 5 Temperature dependence of the magnetization on different directions in a Nd-Fe-B 
film on a MgO substrate 
 
These anisotropy constants are sensitive to temperature as shown in Fig. 2. 4. The contribution 
of the 3d(Fe) anisotropy in Nd2Fe14B increases from 4.2 K to 300 K and contributes 
substantially to the overall anisotropy at room temperature. On the other hand, the Nd 
contribution to the magnetocrystalline anisotropy is dominant at low temperature when the 4f 
ions (Nd3+) have an orbital moment. This contribution of the 4f ions, however, decreases 
rapidly with increasing temperature. At room temperature it may already be comparable in 
magnitude to the contribution of 3d. Therefore, depending on temperature, the preferred 
magnetization axis will be changed. This phenomenon is called spin reorientation transition 
occurring at the spin reorientation temperature (TSR). Nd2Fe14B has a TSR at 135 K as shown in 
Fig. 2. 5. Below TSR the magnetization is not any more parallel to the c-axis and the 
magnetically favored magnetization direction lies on an easy cone. The opening angle of the 
easy cone is 30 ° at 4.2 K [Yam86]. Hence a certain projection of the magnetization vector 
2.1 10BThe Nd-Fe-B alloy system 13
contributes also to the magnetization perpendicular to the c-axis and at the same time the 
magnetization parallel to the c-axis decreases. However, all basal-plane directions are not 
identical. Due to the tetragonal crystal symmetry, this cone is indeed deformed to a “clover 
leaf”. The [110] direction is favored over [100] (related to K2’) [Ver88].   
2.1.3.2 Shape anisotropy 
One of the important contributions to the overall anisotropy in materials comes from the shape 
of the sample, even if the magnetic material is isotropic (i.e. it has no magnetocrystalline 
anisotropy). If a sample is spherical, the same applied field will magnetize it to the same extent 
in all directions. However if it is nonspherical, it will be easier to magnetize it along a long axis 
than along a short axis due to the demagnetizing field (Hd). Upon magnetizing a sample in an 
applied field, positive and negative surface charges develop, forming magnetic dipoles at the 
sample surface. The direction of the magnetic field generated by this dipole is opposite to the 
magnetization of the sample. From that, a demagnetizing field occurs which is given by 
MNH dd 0μ⋅−= , where the coefficient Nd is the demagnetizing factor. The magnetostatic 
energy that is associated with the demagnetizing field of a prolate spheroid sample is  
//
2
0
22
//
22
0 2
1sin)cossin(
2
1 NMKNNME SSSms μθθθμ +=+= ⊥                (2. 12) 
with )(
2
1
//
2
0 NNMK SS −= ⊥μ  
where θ is the angle between the magnetization vector and the long axis. N⊥ and N// are the 
demagnetization factors along the long and the short axis of the ellipse. Except  a constant term 
at the end, Ems has the same form and angular dependence as the magnetocrystalline anisotropy. 
Therefore, the shape anisotropy constant KS can be used in analogy to the magnetocrystalline 
anisotropy constant K1.  
Back-calculating the total anisotropy field HA with the shape anisotropy contribution in addition 
to the magnetocrystalline anisotropy leads to: 
)(2 //
0
1 NNM
M
KH S
S
A −+= ⊥μ                                       (2. 13) 
The sum of the demagnetization factors in all directions is always 1, but depending on the 
sample shape and the direction, N has a different value. For example, a sphere has N = 1/3 in 
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all directions, the infinite cylinder tube has N = 0 along the tube direction and N = 1/2 
perpendicular to the tube direction, and the flat plane has N = 1 perpendicular to the plane and 
N = 0 along the plane. In the case of thin films, the demagnetization factor is ideally the same 
as in the case of a flat plane. Therefore N should be one perpendicular to the film plane. 
However, in micro- or nanostructured magnet films or when inhomogeneous magnetization 
states exist in the film, the demagnetization factor might be less than 1. With this 
demagnetization factor, the internal field Hi can be described as  
MNHHHH dappldappli 0μ⋅−=+= . 
 
2.1.3.3 Magnetostrictive anisotropy 
In addition to the magnetocrystalline anisotropy, there is another effect related to the spin-orbit 
coupling called magnetostriction or magnetoelastic effect. Straining a sample changes the 
interatomic distances which affects the spin-orbit coupling. It can be defined as the change in 
the dimension of a piece of the magnetic material induced by a change in its magnetic state. 
Generally, a magnetostrictive material changes its dimensions when subjected to a change of 
the applied magnetic field. It is particularly important in cubic magnets with a low 
magnetocrystalline anisotropy, where an uniaxial stress gives rise to an uniaxial anisotropy 
contribution. However, in permanent magnets including the Nd-Fe-B system, the very high 
magnetocrystalline anisotropy makes the magnetostrictive anisotropy usually negligible. 
Alternatively, a magnetic sample undergoes a change of its magnetic state under the influence 
of an externally applied mechanical stress. This is called the inverse magnetoelastic effect or 
inverse magnetostriction. A uniaxial stress can change the easy axis of the magnetization if the 
stress is sufficient to overcome all other anisotropies. The inverse magnetostrictive anisotropy 
is used in soft magnetic materials to control the magnetization behavior. 
Under the additional strain by applying a stress, the magnetization direction will be related to 
the magnitude of the stress (σ). In the absence of stress, the magnetization direction is 
controlled by magnetocrystalline anisotropy, as characterized by the anisotropy constant K1. 
Therefore, when stress is acting, the magnetization is controlled by both σ and K1.  
When the magnetostriction is isotropic in the cubic symmetry, the inverse magnetoelastic 
energy under an uniaxial stress is simply given as 
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σ is the external stress, λs is the average spontaneous magnetostriction constant and θ the angle 
between σ and the magnetization direction [Chi78]. A uniaxial anisotropy is induced by stress 
and it is quantified by KU. An isotropic material with positive λS expands along the direction of 
the field and it elongate further under the tensile stress (σ>0). Therefore, the alignment of 
moments is favored in the direction of the tension (KU>0). On the other hand, when an isotropic 
material with positive λS has a compressive stress (σ<0), the alignment of magnetic moments is 
favored in a plane perpendicular to the stress direction (KU<0). Such an easy magnetization 
plane will also be favored by a tensile stress in the case where λS is negative. 
In the case of Nd-Fe-B, because the tetragonal P42/mnm structure has a lower symmetry than 
cubic, more coefficients are necessary to describe the magnetoelastic effects. This symmetry 
has 6 independent magnetoelastic terms in the Hamiltonian. Detailed explanations are given in 
the work of Groot and Kort [Gro99] and Morin and Schmitt [Mor90]. They describe the 
magnetoelastic energy Eme by 
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Where the Bμ’s are three independent associated magnetoelastic coefficients [Mor90], the εμ’s 
represent the symmetrized external strain, >< 02O  is the thermal average of the Steven operator 
and φ is the angle between the strain direction and the in-plane components of the 
magnetization and θ is the angle between the strain direction and out-of-plane components of 
the magnetization direction 
The magnetostriction in Nd-Fe-B was mostly examined in isotropic polycrystalline samples, 
where only λ// (the magnetostriction parallel to the stress) and  λ⊥ (the magnetostriction 
perpendicular to the stress) can be measured. Thus the anisotropic magnetostriction λt can be 
defined as  
 ⊥−= λλλ //t                                                   (2. 16) 
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If λt is positive independently from the sign of each λ// and λ⊥, the magnetization direction lies 
along the stress direction and if λt is negative, the magnetization direction lies perpendicular to 
the stress direction. Thus simply λt can be used instead of λS in formula (2.13) for a single 
crystal.  However, this is only possible when the sample is isotropic and doesn’t have any 
preferred direction. In the work of Ibarra et al. [Iba87] arc melted Nd2Fe14B shows a negative 
anisotropic magnetostriction λt. Kuz’min et al. [Kuz95] reported on the isotropic stress effect 
on the spin reorientation temperature by hydrogen loading. Up to 1.5 at% hydrogen, TSR 
increases slightly and above this value TSR starts to decrease significantly. It indicates that 
isotropic stress affects K1, which is strongly related to the TSR together with the volume 
expansion.  
In the case of textured samples, the induced anisotropic magnetostriction is expected to differ 
from the isotropic case. However, unfortunately there are no investigations on the textured 
Nd2Fe14B. In a different material, (Er1-xTbx)2Fe14B, exhibiting the same structure as Nd2Fe14B, 
a positive magnetostriction was obtained in fiber textured ribbons (anisotropic textured 
materials) by Kato et al. [Kat01, Kat04]. 
 
2.2 Thin film growth 
Thin films have a high surface to volume ratio. The thickness of the films and the substrate can 
affect the material properties, e.g. grain size and magnetic domain structure. Thin films also 
offer possibilities to manipulate the length scales within the system more easily than in bulk. 
Hence, material properties of thin films are no longer the same as in bulk. Some of the thin film 
phenomena are described here in Section 2.2.1 and more detailed information can be obtained 
in [Ohr91]. Also, Section 2.2.2 includes an overview on thin film growth of the Nd-Fe-B 
compound. 
 
2.2.1 Epitaxial growth 
Nd-Fe-B thin films can be deposited by several different deposition processes such as pulsed 
laser deposition [Xu00, Yan98, Zhe05], sputtering [Lil04, Che05, Shi98a], or molecular beam 
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epitaxy [Kea97], etc. The basic mechanism of thin film growth proceeds through the initiation 
of a nucleation state [Mad66]. After deposition on a substrate, the diffusion of atoms on the 
surface results in the formation of thermodynamically stable nuclei. With increasing deposition 
time, small clusters grow on the substrate surface by one of 3 modes.  
In Volmer-Weber growth, atom-atom interactions are energetically favorable compared to 
those of atoms with the surface, leading to the formation of three-dimensional clusters or 
islands. Growth of these clusters, along with coarsening, will cause rough granular films to 
grow on the substrate surface. In contrast, during Frank-van der Merwe growth, atoms attach 
preferentially to surface sites resulting in atomically smooth fully formed layers. This layer-by-
layer growth is two-dimensional, indicating that complete films form prior to the growth of 
subsequent layers. Stranski-Krastanov growth is an intermediate process characterized by a 
transition from 2D layer to 3D island growth. Transition from the layer-by-layer to the island-
based growth occurs at a critical layer thickness which highly depends on the chemical and 
physical properties, such as surface energies and lattice parameters of the substrate and the film. 
Figure 2. 6 shows a schematic illustration of the three growth modes for various surface 
coverages.  
 
 
Fig. 2. 6 Cross-sectional views of the three thin film growth modes (a) Volmer-Weber, (b) 
Frank-van der Merwe, and (c) Stranski-Krastanov. Each mode is shown for several different 
amounts of surface coverage, Θ[Bun94]. 
 
Epitaxy means the growth of a crystalline film on a crystalline substrate surface with a fixed, 
well defined crystallographic orientation relation between the growing film and the substrate. 
In other words, epitaxy is characterized by a common parallel plane (surface) and a parallel 
direction within the interface. When a substrate surface (hkl) is parallel to a film plane (HKL) 
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and a [uvw] direction within a surface plane is parallel to a [UVW] film direction, the epitaxy 
relation is described as 
(HKL) ⎥⎥ (hkl);[UVW]⎥⎥ [uvw] 
or [UVW](HKL) ⎥⎥  [uvw](hkl)                                       (2. 17) 
When only one single orientation relationship is observed, also the term “single crystalline 
growth” may be used. Sometimes however, several crystallographic equivalent orientations are 
observed. This case is included by the more general term, “epitaxial growth”. 
 
Fig. 2. 7 The schematic illustration of epitaxial structures [Ohr91] 
 
 If a film is deposited on the substrate of the same material and composition, the process is 
called “homoepitaxy”, otherwise it is called “heteroepitaxy”. In the case of homoepitaxy, there 
is no mismatch between the film and the substrate. Also the interface is characterized by an 
atom-by-atom matching between the substrate and the deposited material. So the atomic planes 
in this case are continuous. On the other hand, in heteroepitaxy case, the lattice constants are 
usually unmatched. Therefore, a lattice mismatch f occurs and is expressed as 
0
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Where a0(s) is the lattice constant of the substrate and a0(f) is that of the film. When f is 
positive, the film will be laterally expanded and when f is negative, the film will be compressed. 
A small lattice mismatch may lead to a pseudomorphic film growth on the substrate which 
means that film’s in-plane lattice constants are strained to fit exactly the substrate lattice. This 
is called strained epitaxy. When the lattice mismatch or the film thickness increases, the elastic 
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deformation energy increases and exceeds, at a certain thickness, the constant energy associated 
with the formation of dislocations. Therefore, the strain can be released by introducing so-
called misfit dislocations. This is called relaxed epitaxy. A schematic drawing of three different 
epitaxial growth modes is shown in Fig. 2. 7. Even though an epitaxial film follows the 
orientation of the substrate, defects such as misfit dislocations, precipitates, stacking faults, and 
small angle grain boundary can exist in epitaxial films. However, this must not always be 
considered a negative effect. For example, some suitable defects may act as pinning sites for 
domain walls in magnetic films.  
 
2.2.2 Review: Nd-Fe-B thin film growth 
Attractive properties such as the high saturation magnetization and the high anisotropy fields 
make Nd-Fe-B an excellent candidate [Oha00,Cug03] for high performance hard magnetic 
devices. After its discovery in 1984, research on Nd-Fe-B magnets progressed rapidly 
worldwide. Here the works concerning Nd-Fe-B thin film magnets are shortly summarized.  
For maximal performance both high remanence and high coercivity are needed. These 
properties strongly depend on the degree of grain alignment, which is partially obtained by 
textured growth [Hua02, Mel01, Nak03, Jia00] and almost completed by epitaxial growth 
[Han02a]. In both cases, a preferred out-of-plane orientation of the c-axis has been obtained.  
The Nd2Fe14B phase can crystallize above 400 °C and films prepared by almost any deposition 
technique show easily preferred an out-of –plane anisotropy. However, the film texture strongly 
depends on the temperature treatment and the substrate material. 
Three kinds of heat treatments have been presented. One is post annealing after cold deposition 
(without heater). Another is also post annealing but during the film deposition a substrate is 
heated at medium temperature. The other is the use of a heated substrate at high temperature. 
Venkatesan et al. [Ven04] presented samples deposited at room temperature and annealed at 
600°C on a Cr or a Ta buffer layer. Nakanishi et al. [Nak99] used samples post-annealed at 
500°C and 700°C on a Mo substrate. In both reports, during annealing the amorphous phase 
starts to crystallize but the samples show an isotropic growth. The second approach (post-
annealing after deposition at medium temperature) has been published by Melsheimer and 
Kronmüller [Mel01]. On single crystal Al2O3, amorphous films sputtered at 330 K crystallized 
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by post-annealing at 873 K for 20 min. Serrona and coworkers reported this process several 
times [Ser03a, Ser03b, Ser03c] for varying deposition temperature and buffer materials. Nd-Fe-
B films are deposited at 350 °C by RF sputtering on a Mo substrate and stepwise post-annealed 
between 200 and 750 °C. In the as-deposited state, the film is amorphous. However, above 500 
°C it starts to crystallize and shows a preferred c-axis texture. Textured films by the two-step 
process were reproduced also by Dempsey et al. [Dem07]. As a result, in order to have an 
anisotropic texture a medium deposition temperature between 300°C to 400°C is necessary. 
Compared to isotropic samples, anisotropic samples with a c-axis texture have better magnetic 
properties. The coercivity can reach up to 2 T even in isotropic films, however, the polarization 
improves significantly when the films have a c-axis texture [Dem07]. Therefore the maximum 
energy product (BH)max is increased in textured films compared to isotropic films. Dempsey et 
al. achieved (BH)max of 400 kJ/m3 in films deposited at 500°C and post-annealed at 750°C for 
10 min. The films deposited directly on heated substrates above 500°C without post annealing 
(one-step process) show always a c-axis texture and sometimes even epitaxial growth. When 
crystallization occurs, the atoms on heated substrates have a higher mobility and are therefore 
able to arrange themselves within a low energy configuration. Therefore, heated substrates are 
needed to get a textured or an epitaxial film. However, for that, an ultra high vacuum with 
especially low oxygen content is needed because the films are easily oxidized at high 
temperatures during deposition. The optimum deposition temperature or annealing temperature 
is around 600 °C. Above this value, c-axis texture, coercivity, and remanence start to decrease 
due to oxidization and large grain size [Yan02, Ser03c]. 
In most of the published papers only c-axis fiber textured films could be realized. An important 
exception to this is U. Hannemann’s work [Han04b]. He deposited films on Ta/Al2O3 by PLD. 
Three equivalent in-plane orientations are observed due to the hexagonal Al2O3 substrate. This 
epitaxial growth improves the saturation magnetization to remanence ratio to 0.97 resulting in a 
square out-of-plane hysteresis loop and a linear in-plane hysteresis loop. Also using a surplus 
Nd composition, a coercivity of 2 T was achieved due to decoupling of the Nd2Fe14B grains.  
As well as heat treatment, substrates or buffer materials affect strongly texture and magnetic 
properties of Nd-Fe-B films. To achieve a c-axis texture, bcc materials with a lattice parameter 
around 3 Å are used as substrates, e.g. Mo [Liu07], Nb [Ser04], Ta [Pir00, Nak03], Ti 
[Che05] ,and W [Ma03, Par98]. In the case of other substrates like glass [Shi01, Yu98] or a 
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single crystal Si [Val05, Tsa98, Zhe05], as well as oxide substrates [Han02a, Xu00, Hua02, 
Fäh02], a buffer material is necessary for the growth of a c-axis texture and in order to avoid 
other phase formation between substrate and Nd-Fe-B film. Therefore, the properties of the 
buffer are important. Hannemann et al. [Han02b] presented and compared magnetic properties 
of films on a Ta and a Cr buffer on an Al2O3 substrate. With respect to the lattice mismatch, Cr 
is also a good candidate for the buffer. However, Cr diffuses into the Nd-Fe-B film during 
deposition. Hence, compared to the Ta buffer, the magnetic properties degrade easily at higher 
deposition temperature which is necessary for the Nd2Fe14B phase formation.  
The composition is also one of the control parameters for phase formation, texture and 
magnetic properties. The composition of the film can change the surface morphology and the 
magnetic properties. However, in this section the composition effects will not be discussed 
because they are mentioned already in Section 2.1.2. 
 
2.3 Mechanical stress and strain relationships 
Stress-strain curves are an important measure of the mechanical properties of a material under 
uniaxial loading. There are 3 general cases: materials that exhibit both elastic and plastic 
deformation, very brittle materials that exhibit essentially no plastic deformation, but fracture 
after an only small elastic strain, and materials that exhibit very large elastic strains. Here, only 
the first case will be described because the substrates used here belong to this group. (More 
detailed descriptions are given in reference [Bar73] and [Die86].) 
Figure 2. 8. shows typical stress-strain curves of two types of materials. Stress-strain curves can 
be divided into two regions: the elastic region and the plastic region. Elastic behavior occurs at 
low stress and the stress-strain curve follows Hooke’s law (σ = Eε where σ is the stress, E is 
elastic modulus and ε is the strain). In the elastic range the strain is reversible and independent 
of time and rate. At higher stress, the slope of the stress-strain curves decreases and Hooke’s 
law no longer holds. This region belongs to the plastic range where an irreversible deformation 
exists after unloading. In some materials, there is a sharp yield point on the stress-strain curve 
marking the transition from elastic to plastic deformation. This transition is abrupt in materials 
including steel and hastelloy, which is used as a substrate here, whereas the curve for aluminum 
exhibits a gradual transition. In this case, a 0.01% derivation from the linear slope may be used 
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to define the beginning of plastic deformation [Die86]. Practically all bcc transition metals 
behave in a fashion similar to steel, while nearly all other crystalline materials (fcc, hcp metals, 
etc) exhibiting some plastic deformation behave in a fashion similar to aluminum [Bar73]. 
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Fig. 2. 8 (a) Schematic illustration of the stress-strain characteristic of mild steel and aluminum 
[Bar73] and (b) measured stress-strain curve of the hastelloy substrate used in this work 
In plotting a stress-strain curve, there are two different systems describing stress and strain that 
can be used. One system is based on the initial dimension of the test sample named an 
engineering stress (S) and strain (e), while the second system is based on the instantaneous 
sample dimensions named true stress (σ) and strain (ε). Engineering stress is defined as S = 
P/A0 (P : uniform load) and is based on the original cross-sectional area (A0), whereas the true 
stress σ = P/A takes into account the fact that the load-bearing area (A) decreases with 
increasing strain. The engineering strain is defined as e = Δl/l0 whereas the true strain is 
defined as )1ln(
0
e
l
dll
l
+== ∫ε . (l0 is an initial length of undeformed specimen and Δlis length 
changes) In the elastic region, the difference between both definitions of stress and strain can 
be neglected up to e<0.1 because e is almost the same as ε (ln(1+e)≈ e). However, when 
necking appears, engineering curves show a maximum stress (the ultimate tensile strength 
(UTS)) due to necking while true curves do not. In Fig. 2. 9 schematic illustrations for an 
aluminum alloy in both types of representation are shown. Normally for determining 
mechanical properties, the true strain and stress are used, however, here the purpose of the 
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experiments is not to focus on mechanical properties. Thus, engineering stress-strain curves are 
used in this work.  
 
Fig. 2. 9 The schematic illustration of the true and the engineering stress-strain curves for an 
aluminum alloy [Bar73] 
The elongation gives the uniaxial stress on the sample. Although the uniaxial stress is applied 
in one direction, the sample is strained in all three directions. Elongation in the axial direction 
(εz) is accompanied by a contraction in both perpendicular transverse directions. The 
compressive strain εx = εy in the transverse direction originates from the materials tendency to 
keep its volume constant. The ratio of the induced transverse strains to the axial strain is known 
as Poisson’s ratio and denoted by the symbol ν. 
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Typically Poisson’s ratio varies between 0.25 and 0.35 for metals [Bar73]. Nd2Fe14B is known 
to have a Poisson’s ratio of 0.24 [Www01]. 
 
 
 
 
 
 
 
3 . Film preparation and characterization techniques 
 
3.1 Pulsed laser deposition 
Pulsed laser deposition (PLD) is used for deposition of the samples. The main advantage of 
PLD is that almost any material from pure elements to multi-component compounds can be 
deposited and the stoichiometry of the target material is often reproduced in the film [Bee91, 
Kwo88]. Also, the deposition of materials in different reactive atmospheres is possible [Kwo88]. 
In PLD, a laser beam (e. g. from a pulsed excimer laser) is directed onto a target and a sharp 
temperature increase occurs in a short time on the target surface, which causes ablation of the 
target material. A plasma plume of atoms, ions and electrons is thus produced and propagates 
towards the substrate. Since the laser ablation technique had been introduced by Breech and 
Cross [Bre62] using a ruby laser, large number of studies on the interactions of intense laser 
beams with solid surfaces, liquids, and gaseous materials have been made. In 1965, Smith and 
Turner [Smi65] finally demonstrated thin film deposition using laser ablation. However, during 
next 2 decades there were no remarkable investigations due to insufficient peak power. The 
demonstration of congruent evaporation was not sufficient for a wide spread application at this 
time. This changed in 1987, when Dijkkamp et al. [Dij87] obtained an in-situ growth of high 
temperature superconducting films. Furthermore Beech and Boyd [Bee91] in 1991 reported that 
128 materials can be grown by PLD. Like other deposition techniques, PLD has disadvantages 
as well as advantages. A disadvantage is the narrow angular distribution of the ablated material, 
which makes a large-area scale-up a very difficult task, and the frequent presece of micro-sized 
particulates, so-called droplets on the film surface [Chr94]. Such droplets are especially 
undesirable, but they can be reduced by polishing the target, rotating it continuously during 
deposition or by using an alternative deposition geometry. Conventionally, the so-called on-
axis geometry is used when the substrate and the target are parallel. This is the original PLD 
geometry and is also used in this work. If the substrate is oriented perpendicular to the target 
and the plume expansion direction, the so-called off-axis PLD geometry is obtained. Using this 
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off-axis PLD, droplets simply pass over the substrate surface, however, the disadvantage is a 
somewhat lower deposition rate [Hol92]. 
 
Fig. 3. 1 Pulsed laser deposition set-up 
In Fig. 3. 1 a schematic drawing of the deposition chamber is shown. The film deposition took 
place in an ultra high vacuum (UHV) chamber. With one turbo pump, the chamber vacuum can 
reach around 2 × 10-9 mbar after a 2-day-bake-out, which leads to a reduced oxygen and H2O 
level. However Nd2O3 can still form very easily and therefore a Ti sublimation pump was used 
additionally to reduce the base pressure to 6-8 ×10-10 mbar with an even lower O2 and H2O 
pressure. Usually one of the big advantages of PLD is that the stoichiometry of the target can 
be transferred to the film. Here elemental targets were used to control the composition of the 
film and a multi-target holder gives flexibility in choosing the materials to be deposited. For the 
Nd-Fe-B films, Nd, Fe and FeB targets were used and for the buffers, pure elemental targets of 
Cr, Ta and Mo were used. All targets had 25 mm diameter. The targets were rotated and the x 
and y positions were varied during the deposition in order to ablate the desired target 
homogeneously, reduce target ageing and minimize the droplet density on the substrate. Nd-Fe-
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B films were deposited with pseudo-codeposition by a computer controlled target changes. One 
typical deposition cycle of a few pulses on each of the Nd, Fe and FeB target resulted in a 2 nm 
thick film. The deposition area on the substrate was 1 cm × 1 cm and the distance between the 
targets and the substrate was 40 mm. One side polished 0.15 mm thick MgO substrates in (001) 
orientation and hastelloy substrates (0.1 mm) with an ion beam assisted deposition (IBAD) 
MgO buffer in (001) orientation (200 nm thick) were used. The substrates were heated using a 
backside radiation heater with a thermocouple which controls the heater temperature. The 
substrate surface temperature was measured by a pyrometer (Impac IGA 120) and used as the 
deposition temperature. Homogeneous films were deposited on the substrate under computer 
controlled rotation and a square scanning of the substrate. For the control of composition, the 
deposition rates of each target were measured with a rate monitor (Inficon XTM12) before each 
deposition, at a position identical to the substrate position of the following film deposition. To 
avoid opening the chamber for every film, the chamber is connected to the outside with a small 
loadlock chamber (base pressure ~ 10-8 mbar). All substrates and targets can be transferred 
from the loadlock chamber to the deposition chamber with a transfer fork.  
An eximer laser LPX 305 by Lambda-Physik with KrF gas (wave length λ=248 nm) was used. 
The pulse duration was 25 ns and the repetition rate f was 10 Hz. The laser beam is directed 
into the chamber with the help of 3 UV reflecting mirrors. An aperture is used to remove 
incoherent parts from the beam which lead to an inhomogeneous energy distribution at the 
edges of the laser spot. This aperture is imaged by a lense on the target in order to increase the 
energy density to a value of 5 J/cm2 which is applied for the deposition of all layers except the 
Mo layer (100 mJ, 6.25 J/cm2) due to the high ablation threshold of this element. Imaging 
instead of focusing is used in order to avoid an inhomogeneous laser energy density, resulting 
in an increased formation of droplets. Prior to deposition, targets were cleaned with 1000 pulses 
at 10 Hz. The film deposition was done with the laser condition of 10 Hz. All buffer layers 
were deposited with a thickness of 50 nm and the Nd-Fe-B layers were 300 nm. The whole 
sample was covered with a 30 nm-thick Cr cover layer for oxidation protection [Fäh03]. 
Several variable and controllable parameters during deposition can change the film properties 
remarkably. The effect of the substrate temperature, the composition and the buffer material 
were investigated in this work. Table 3. 1 summarizes the variable and constant deposition 
parameters for the three substrate/buffer combinations examined.  
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Table 3. 1 Deposition parameters 
 
 
 
3.2 X-ray diffraction 
Structural and phase information can be obtained from the reflections in x-ray diffraction 
patterns taken in the so-called Bragg-Brentano geometry, where only the planes parallel to the 
substrate surface are probed. However, not only the planes parallel to the substrate surface but 
also the planes perpendicular to the substrate are needed to understand the texture of the sample. 
For this, additionally pole figure measurements are used.  
 
3.2.1 Bragg-Brentano geometry 
X-ray diffraction from the atomic planes parallel to the substrate surface satisfying Bragg’s 
diffraction condition confirms the crystalline structure of the samples. Bragg’s law is written in 
the form. 
θλ sin2d=                                                       (3. 1) 
λ is the wavelength of the x-ray source, d is the spacing between the planes in the atomic lattice 
and θ is the angle between the incident beam and the scattering plane. From equation (3.1) a 
knowledge of the d-spacing can be obtained because λ is fixed by the x-ray source and θ is 
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measured. The d-spacing is used for phase identification by comparison with the powder 
diffraction database. In polycrystals, many different atomic planes exist parallel to the sample 
surface, so that several Bragg diffraction peaks appear. On the other hand, the intensity of 
certain peaks in textured samples is increased relative to the polycrystalline intensity due to the 
preferred orientation of certain planes. Hence, it is possible to estimate the degree of texturing 
using the relative intensity of the diffraction peaks.  
Additionally in textured films, the angular spread of orientations around the sample normal can 
be measured by rocking curves (ω scans). The incident beam is rotated (rocked) through the 
Bragg angle θ, while the beam reflected by it is measured in a fixed counter with a wide slit. 
The FWHM (full width at half maximum) of the rocking curve is a direct measure of the range 
of orientation presented in the irradiated area of the sample. The sharp rocking curves indicate a 
high texture quality of the growth direction. However, with this measurement it is not possible 
to distinguish epitaxial growth and fiber-textured growth.  
The Nd-Fe-B samples were analyzed using Co-Kα radiation (weighted average wavelength λ 
Kα=1.79285 Å) in the standard Bragg-Brentano geometry in a Philips X’Pert diffractometer 
with the voltage and the current of the x-ray tube of 40 kV and 40 mA, respectively. X-ray 
diffraction patterns were collected in the 2θ angle range between 10 to 100 degree with step 
size of 0.02 ° and time per step of 0.5 s. The samples were rotated around the substrate normal 
to improve the statistics. 
 
3.2.2 Pole figure measurement 
In Bragg-Brentano Geometry, the Bragg reflections arise from planes which are oriented 
parallel or nearly parallel to the film surface. In order to find the complete orientation of the 
unit cells pole figures are measured. 
Rotation and tilting of a sample at constant 2θ, corresponding to a particular set of non-parallel 
planes from the substrate surface in the sample, produce a map of the concerned planes in 
spherical 3-D space. A 2 dimensional stereographic projection of this mapping from one 
hemisphere produces pole figures where each pole is a reflection from a set of parallel planes 
belonging to the {hkl} family of these planes. Pole figures are measured by scanning the Φ axis 
through 360° for a series of the tilting on the ψ axis (0° - 90°). During this process the ω and 2θ 
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angles are constant and correspond to those of the (hkl) plane to be measured. The appearance 
of distinct sets of poles indicates an in-plane texture in the sample and the pole width is a 
criterion for the texture quality. For films the substrate plane itself may favor specific 
crystallographic directions. This may result in a so-called fiber texture where constant 
intensities for all Φ are obtained in the pole figure (Fig. 3. 2 (a)). When a second independent 
orientation is additionally favored, two axis of the unit cell can be aligned and the poles with a 
narrow angular distribution and a high intensity appear in the pole figure (Fig. 3. 2 (b)). Usually, 
in untextured substrates, films show a fiber texture. However, with the additional help of e.g. an 
ion beam, biaxially textured film can be achieved. For example, ion beam assisted deposition 
(IBAD) is a deposition technique in order to prepare biaxially textured films on amorphous or 
untextured substrates. An ion-beam having a defined angle towards the substrate normal is used 
simultaneously to the deposition process. The interaction between the ions (having energies 
between 100 and 1000 eV) and the deposited atoms leads to a distinct texture depending on the 
parameters used in this process [Mat03]. 
 
 
(a)                                                         (b) 
Fig. 3. 2 Pole figure measurements of (a) fiber textured MgO (220) poles on a Si substrate and 
(b) single crystal MgO (220) poles. Continuous lines are shown for ψ=30°, 60° and 90°. 
The Nd-Fe-B samples were measured with a Philips X’Pert texture goniometer using Cu Kα-
radiation (λKα=1.5406 Å). The following poles were chosen for the measurement of each layer: 
MgO (220) pole; Cr (110) pole; Ta (110) pole; Mo (110) pole and Mo (222) pole; Nd2Fe14B 
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(224) pole and Nd2Fe14B (105) pole, because these poles are located between Φ=0° (parallel to 
the film plane) and Φ=90° (perpendicular to the film plane) and, therefore, have high sensitivity 
to the in-plane lattice parameter. Prior to starting a pole figure measurement for a certain 
reflection, the 2θ value was optimized on an expected pole for maximum intensity. In addition, 
θ-2θ measurements are possible on tilted poles within a certain Φ and ψ angle. This is useful in 
order to determine the change of the lattice parameters independently for each pole under the 
uniaxial strain.  
 
3.3 Surface morphology 
The microstructural investigation was performed using scanning electron microscopy (SEM), 
atomic force microscopy (AFM) and optical microscopy. Optical microscopy is the oldest and 
simplest technique using visible light with max. 1000 times magnification. It was used only to 
get a rough idea about the surface morphology in the experiments on strained substrates in 
Chapter 6.  Here detailed explanations of SEM and AFM only are given.  
 
3.3.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) creates images by scanning a focused high energy beam 
of electrons across the surface of a sample and detecting the signals from the interaction of the 
incident electrons with the sample surface. The local x, y information used for scanning and 
this detected signal from secondary electrons (SE) emitted from the sample shows a different 
brightness in each point. Hence this imaging mode essentially provides topographic 
information.  
The Nd-Fe-B samples were analyzed with a Philips XL20 SEM in secondary electron mode at 
20 kV. A typical SEM micrograph is presented in Fig.3. 3. Even at low magnification, Fe or Nd 
droplets which are a by-product of PLD could be identified using an energy dispersive x-ray 
spectrometer (see in Section3.4). An estimation of the droplet density is possible with SEM.  
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Fig.3. 3 SEM image of a Cr/Nd-Fe-B/Ta/Cr/MgO sample deposited at 560 °C 
 
3.3.2 Atomic force microscopy 
Additional information on surface topography and roughness of the samples was obtained by 
atomic force microscopy (AFM), which makes use of the atomic forces (Van der Waals force, 
repulsive forces, electrostatic force, etc.) between the tip atoms and the sample surface atoms at 
extremely short distances. AFM measurements were carried out using the Digital Instruments 
3100 scanning probe microscope with NanoscopeIII software operating in tapping mode where 
a non-magnetic tip mounted on a Si-cantilever oscillates at constant frequency over the sample 
surface. Due to the interaction forces acting on the cantilever when the tip comes close to the 
surface, the amplitude of this oscillation decrease. This reduction in oscillation amplitude is 
used to identify and measure surface features. In the tapping mode, the tip-sample distance is 
maintained constant by a feedback loop to avoid surface damage and the z-variation of the 
cantilever at each x, y point of the scanned surface is used for the surface topography [Wie92].  
The software allows the calculation of the surface roughness of the sample. Here the root-
mean-square roughness (Rrms) is used:  
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with N the number of measurement points, Zi individual heights at the point, and Z  the mean 
height. This rms roughness describes the fluctuations of surface heights around an average 
surface height.  
 
3.4 Composition analysis 
Measuring the composition was performed by two methods: energy dispersive x-ray 
spectroscopy (EDX) and glow discharge optical emission spectroscopy (GDOES).  
EDX uses a Si(Li) detector to record characteristic x-rays which are emitted when the primary 
beam causes the ejection of inner shell electrons from atoms in the sample and creating an 
electron hole where the electron was. An electron from an outer, higher-energy shell then fills 
the hole, and the difference in energy between the higher-energy shell and the lower energy 
shell is released in the form of an x-ray. It is a reliable method for quantitative and qualitative 
detection of the elemental composition of the samples. Detectable elements require an atomic 
number Z>11 (from Na) with a Be window and Z>6 (C) with a windowless detector. Due to the 
small x-ray emission yield, the large noise and the large absorption through the window at low 
energy, it is not possible to detect lighter elements including B [Bun94]. EDX, however, is 
capable of detecting elements in low amounts of ~0.1 wt% to an accuracy of 0.1-1%. 
Compositional analysis was performed in a SEM with an EDX system having a thin window 
detector. EDX spectra for NdLα, FeKα, CrKα, TaLα and MoLα radiation were recorded from 
the sample and analyzed with the Genesis software. The NdLα and FeKα lines were used to 
determine the relative ratio of Nd to Fe in the Nd-Fe-B films.  
To get an idea about the boron concentration in the film, GDOES was carried out by Dr. V. 
Hoffmann. Accelerated Ar+ ions continuously bombard the sample surface (cathode) and cause 
atoms to be ejected towards the anode. They are subsequently excited or ionized in a plasma 
gas by collisions with electrons, and emit energy in the form of characteristic optical 
wavelengths. Intensities of characteristic wavelength are used in relation with bulk reference 
samples to calculate the composition. GDOES has been used for the direct analysis of bulk 
solids, for elemental surface analysis and for depth profiling of thin films and industrial 
coatings and It is possible to analyze any solid conductive material. Contrary to EDX, however, 
it is destructive. Hence; it has only been used for selected samples. 
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The Nd-Fe-B films in this work have an approximate composition of Nd24Fe65B11 except the 
samples in Chapter 5 where the effect of a varying composition is presented.  
 
3.5 Magnetic measurement 
The characterization of the magnetic properties was performed using a Superconducting 
Quantum Interference Device (SQUID Quantum Design MPMS-5S) in fields up to 5 T and a 
vibrating sample magnetometer (VSM Quantum Design physical properties measurement 
system (PPMS)) in fields up to 9 T.  
A SQUID is a very sensitive magnetometer used to measure extremely small magnetic fields. It 
is based on a superconducting loop containing Josephson junctions, and has very high 
resolution for magnetization measurement (<10-7 emu). However, measurable range for 
samples is limited by the maximum applied field of 4.8 T. 
Compared to a SQUID, a VSM is an attractive equipment because of the high field up to 9 T, 
which is sufficient to saturate almost all thin films and the significantly higher sweep rates 
enable fast measurements. For hysteresis loops and the temperature dependence of the 
magnetic moment in Nd-Fe-B samples, the sweep rate was 1.2 T/min.  
The magnetic moment was measured in both out-of-plane and in-plane direction. After 
measuring the magnetic moment (m in electromagnetic unit (emu)), the polarization (J in Tesla 
(T)) was calculated with the same equation in both magnetometers using the known sample 
volume (V in cm3)  
)(
10
4
4 V
mJ π=                                                               (3. 3) 
Here in this work, the volume was determined using the size of the sample. Samples were cut 
as a rectangular shape in order to measure area easily. The thickness of the films was assumed 
by deposition rate. (A detailed description of the magnetization measurement techniques used 
can be found in reference [Blu01].) 
3.6 Magnetic force microscopy 
Magnetic domains in the films were observed by magnetic force microscopy (MFM). The 
MFM technique is based on the detection of the magnetostatic interaction between the sample 
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and a small ferromagnetic tip [Por98, Wie92]. MFM measurements were performed using the 
same instrument as for the AFM measurements but operating in the tapping/lift mode with tips 
magnetized perpendicular to the sample surface direction [Alk98]. In this mode, the magnetic 
and topographic data are separated by scanning twice for each scan line. The first scan is made 
in tapping mode to reveal the sample topography and the second scan follows the recorded 
topography but at an increased scan height to avoid the Van der Walls force and measure only 
the magnetic contrast. MFM images of the Nd-Fe-B samples were obtained at a scan height of 
100 nm. The phase shift signal measured by the tip directly relates to the gradient of a 
perpendicular component of the sample stray fields. As in this work, MFM had been used only 
for films with a perpendicularly aligned easy axis, the observed contrast can be assigned to 
magnetic domains having the magnetization either parallel or antiparallel to the film normal. 
 
 
 
 
 
 
 
4 . Nd-Fe-B films deposited on different buffers 
 
In order to investigate magnetic and structural properties and to achieve a high remanence 
along the application direction, the fabrication of epitaxial Nd-Fe-B films has been attempted. 
In particular it was expected that the symmetry and the lattice parameters of the substrate and 
the buffer materials affect favorably the growth plane of the Nd-Fe-B films. Also, the 
deposition temperature affects the film growth as well as the magnetic properties. In this 
chapter, the film growth is investigated depending on the buffer system and the deposition 
temperature. As a buffer layer, either a combined Ta/Cr layer or a Mo buffer epitaxially grown 
on MgO (001) substrates is used.  
4.1 Growth and texture 
An almost perfect alignment and a high coercivity value of 2 T was obtained by the epitaxial 
growth of Nd-Fe-B film on Ta (011)/Al2O3 (0001) [Han03, Neu04]. However, due to the 
hexagonal symmetry of the substrates, the tetragonal Nd-Fe-B unit cell has 3 different, but 
crystallographically equivalent in-plane epitaxial relationships with the substrate. Thus in this 
work, a MgO (001) substrate having the appropriate square surface symmetry for the square 
basal symmetry of Nd-Fe-B is chosen for a unique orientation. A combined Ta/Cr or a Mo 
buffer is used to avoid oxidation and to reduce lattice mismatch to obtain epitaxial growth. A 
combined Ta/Cr buffer was used because Ta grows in both the (001) and the (011) orientations 
without a Cr underlayer on a MgO (001) substrate. Therefore Ta can grow epitaxially in (001) 
orientation with a help of a Cr underlayer.  
In Fig. 4. 1 θ-2θ scans of Nd-Fe-B films on the combined Ta/Cr buffer system deposited at 
560°C and on the Mo buffer system deposited at 450°C are depicted. First of all, in all x-ray 
diffraction patterns, the (001) reflection of the MgO substrate is observed. Also, the Cr (002) 
and the Ta (002) reflection in the combined Ta/Cr buffer system and the Mo (002) reflection in 
the Mo buffer system are identified. The appearance of these peaks indicates a textured growth 
of the buffer layers in both cases. Additionally, there are reflections originating from surplus 
 37
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Nd, a small fraction of Fe and possible oxide phases. On both buffer systems, only (00l) 
reflections of the Nd2Fe14B phase are observed, which indicates a good alignment of the c-axis 
perpendicular to the substrate supported by the FWHM values on the rocking curve (Fig. 4. 2). 
ω scans of Nd2F14B (004) reflection have Δw = 3.3° on Ta/Cr and Δw = 4.3° on Mo.  
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Fig. 4. 1 XRD patterns of Nd-Fe-B films (a) deposited on the combined Ta/Cr buffer deposited 
at 560°C and (b) deposited on the Mo buffer deposited at 450°C 
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Fig. 4. 2 Rocking curve of the Nd2Fe14B (004) reflection (a) on the Ta/Cr buffer (FWHM(w) = 
3.3°) and (b) the Mo buffer (FWHM(w) = 4.3°) 
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The deposition temperature is one of the main parameters which affect the crystallization of the 
film and its texture. The relative intensity of the Nd2Fe14B reflections varies strongly with the 
deposition temperature. In Fig. 4. 3 (a) the variation of the Nd2Fe14B (008) reflection with the  
deposition temperature is summarized. This peak was chosen as it is not disturbed by 
overlapping neighboring peaks. The intensity of these peaks is normalized to the background 
intensity. Below 430°C no Nd2Fe14B peaks are observed in the Bragg-Brentano geometry in 
both cases. This temperature is too low for the formation of a significant amount of the highly 
anisotropic Nd2Fe14B phase. In the temperature range from 430 to 630°C, the Nd2Fe14B phase 
has a c-axis texture perpendicular to the substrate but the optimum temperature for a phase 
formation depends on the buffer system. In the Ta/Cr buffer system, the maximum intensity of 
the (008) peak is obtained at the deposition temperature of 560°C whereas the Mo buffer 
system shows a maximum intensity at 450°C. Additionally the relative intensity of the Nd2O3 
(202) reflection (2θ=73°) (Fig. 4. 3) increases for temperatures higher than 560°C for both 
buffers examined. This indicates that the phase formation of Nd2Fe14B is inhibited due to the 
Nd consumption by oxidation. The reduced phase fraction of Nd-Fe-B will be responsible for 
the decay of the magnetic properties at higher deposition temperatures as examined in Section 4. 
3. 
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Fig. 4. 3 Relative intensities extracted from the XRD pattern vs. deposition temperature 
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Fig. 4. 4 Pole figure measurements of MgO substrate, Cr buffer, Ta buffer and Nd2Fe14B film 
deposited at 560°C on the combined Ta/Cr buffer. Continuous lines are at Ψ = 30° and 60°. 
Dashed lines are measurement ranges. 
 
 
 
 
Fig. 4. 5 Pole figure measurements of MgO substrate, Mo buffer and Nd2Fe14B film deposited 
at 450°C on the Mo buffer. Continuous lines are at Ψ = 30° and 60°. 
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To get knowledge of the in-plane texture, pole figure measurements of each layer were 
performed. Figure 4. 4 shows the pole figures of the MgO substrate, the Cr buffer, the Ta buffer 
and the Nd2Fe14B film deposited at 560°C on the combined Ta/Cr buffer system. As seen by 
the distinct reflections in Fig. 4. 4, Cr grows epitaxially on the MgO (001) substrate with a 45° 
rotation, namely the epitaxial relationship (001)[110] Cr || (001)[100] MgO. The Ta buffer 
layer grows also epitaxially also on the Cr with the epitaxial relationship (001)[110] Ta || 
(001)[110] Cr. The (224) pole figure of Nd2Fe14B contains 4 peaks confirming epitaxial growth 
according to the relationship (001)[100] Nd2Fe14B || (001)[110] Ta. For comparison with the 
Ta/Cr buffer, the pole figure measurements of the Mo buffer system are depicted in Fig. 4. 5 
with the (110) pole figure of Mo and the (105) pole figure of Nd2Fe14B. The (105) poles of 
Nd2Fe14B are used here due to overlapping pole positions (2θ, Ψ and Φ) of the (224) pole of 
Nd2Fe14B and the (110) pole of Mo which has a several times higher intensity than that of 
Nd2Fe14B.  The Mo buffer layer and the Nd2Fe14B films grow epitaxially on MgO(001) with 
the relationship (001)[100] Nd2Fe14B  || (001)[110] Mo || (001)[100] MgO. Thus the Nd2Fe14B 
orientation is identical as for films on a combined Ta/Cr buffer. However, on a Mo buffer, the 
intensities of all four Nd2Fe14B poles are not equal. One possible reason is that the peak 
positions exactly match with some hexagonal phases such as Nd or Nd2O3. However, without a 
significant intensity of Nd in x-ray diffraction, it is very difficult to measure and see some 
intensity in the pole figure measurement.  
 
4.2 Surface morphology  
Buffer materials and deposition temperature affect the surface morphology as well as the 
texture of the film. Figure 4. 6 shows the surface morphology of films grown on Ta/Cr buffers 
and on Mo buffers. Compared to the isolated rectangular shaped Nd-Fe-B grains on Al2O3 
substrates [Neu04], the morphology of the samples here is more irregular and the grains are less 
isolated. The root-mean-square (rms) roughness of the films as a function of the temperature is 
depicted in Fig. 4. 7. The roughness of films grown on Ta/Cr strongly depends on the 
deposition temperature. With increasing temperature, the grain size and the roughness of the 
film become significantly larger, the films get discontinuous and the grains have a more 
rectangular shape. Contrary to this, films grown on Mo prepared below a deposition 
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temperature of 570°C are continuous and have smaller grains than films grown on Ta/Cr. 
Accordingly, up to 570°C, the films have a low roughness value around 25 nm (Rrms). Films 
deposited on Mo at 570°C exhibit a bimodal height distribution. At higher temperature the 
roughness increases strongly. 
 
 
Fig. 4. 6 AFM images of films on (a) the combined Ta/Cr buffer and (b) the Mo buffer layer 
deposited at different temperatures. Each buffer system has different z-scale. 
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Fig. 4. 7 Roughness of the films vs. deposition temperature on (a) the combined Ta/Cr buffer 
and (b) the Mo buffer layer  
 
4.3 21BMagnetic properties 43
4.3 Magnetic properties 
The hysteresis curves of the films on Ta/Cr deposited at 560°C and on Mo deposited at 450°C 
are shown in Fig. 4. 8. These deposition temperatures lead to the optimum combination of 
texture and remanence for each buffer system as shown later in this Section. Independent of the 
buffer system, the in-plane and out-of-plane hysteresis loops intersect at an applied field of 
around 6.8 T, which agrees well with the anisotropy field of the Nd2Fe14B phase. 
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Fig. 4. 8 Hysteresis curves of films deposited on (a) the Ta/Cr buffer at 560°C and (b) Mo 
buffer at 450°C.  
 
In Fig. 4. 9 to Fig. 4. 11, the magnetic properties of the samples are summarized for both buffer 
systems. Below 430 °C, the films exhibit no hard magnetic properties in agreement with XRD 
results, showing almost no intensity of the Nd2Fe14B phase at this temperature. This results in a 
magnetically isotropic behavior. According to Fig. 4. 9, films deposited on Ta/Cr in the 
temperature range from 430 to 600°C reach coercivities around 1.3 T. The coercivities on Mo 
are significantly lower compared to those of the films grown on Ta/Cr over the whole 
temperature range (maximum μ0Hc=0.5 T). 
Remanence and saturation polarization data are shown in Fig. 4. 10. In the case of films 
deposited on Ta/Cr in the temperature range from 430 to 560°C, a saturation polarization 
around 0.6 T is achieved. With increasing temperature, the out-of-plane remanence JR⊥ 
approaches the saturation polarization JS⊥ (measured in an applied field of 9 T). Accordingly 
the in-plane remanence JR⎪⎪decreases. However, at temperatures above 600°C, both JS⊥ and JR⊥ 
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decrease and a degradation of the coercivity is observed. Contrary to the films on Ta/Cr, 
remanence and saturation polarization are higher for films on Mo. This may be due to an error 
of the rate measurement which is very sensitive to the position of the rate monitor. At 600°C 
the value of JS⊥ is around 1.5 T which approaches the theoretical value of 1.6 T. However, with 
increasing temperature, JR⎪⎪ also increases and a remanence to saturation polarization ratio of 
only 0.88 is reached, a significantly lower value compared to the maximum 0.99 on Ta/Cr. 
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Fig. 4. 9 Coercivity of samples deposited at different temperatures 
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Fig. 4. 10 Remanence JR and saturation polarization JS vs. deposition temperature of (a) films 
deposited on the combined Ta/Cr buffer and (b) films deposited on the Mo buffer  
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Fig. 4. 11 Deposition temperature dependence of (a) magnetic texture JR⎟⎟/JR⊥ of samples on 
Ta/Cr and Mo and (b) fraction of hard magnetic phase quantified by the contribution to JS 
measured in-plane 
 
The good out-of-plane texture of these films is reflected in a low in-plane to out-of-plane 
remanence ratio. As shown in Fig. 4. 11 (a), for films on Ta/Cr,  JR⎪⎪/ JR⊥ (the magnetic texture) 
approaches its lowest value of 0.15 with increasing deposition temperature up to 600°C. 
However, at a temperature above 600°C, a degradation of the magnetic texture is observed. 
This occurs at the same temperature where coercivity, JR⊥ and JS⊥ decrease. For films on a Mo 
buffer, the situation is different. At a temperature around 450°C, the magnetic texture reaches 
its lowest value of 0.2. 
In order to examine, wether this originates from differences in the intrinsic properties, the 
formation of the hard phase has been quantified by analyzing the hysteresis along the in-plane 
direction, i.e. the magnetic hard direction. Often a step at low fields is observed in the in-plane 
curves (see Fig. 4. 8) which originate from an additional ferromagnetic phase exhibiting a much 
lower anisotropy. This measurement along the hard axis can be used to quantify the relative 
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fraction of the highly anisotropic phase by calculating JShard/JS = (JS-JSsoft)/JS, where JSsoft is 
given by the height of the above mentioned step. The fraction of hard magnetic phase is plotted 
in Fig. 4. 11 (b). This approach is especially suited for epitaxial films where phase formation 
can hardly be quantified e. g. by XRD. Phase formation on Mo begins at a lower temperature 
but films on Ta/Cr reach a more complete phase formation at higher temperatures, where the 
phase formation on Mo already decreases. Magnetic texture (quantified by JR⎟⎟/JR⊥) exhibits a 
similar temperature dependence of the crystallographic texture (shown in Fig. 4. 3).  
The magnetic domain structure of the films together with the AFM topography image is 
depicted in Fig. 4. 12 at the optimum deposition temperature of each buffer layer. From the 
MFM image, not only an examination of the magnetic domain structure is possible, but also 
information on the Nd grains or Nd-rich phases can be extracted. These phases are the only 
non-magnetic materials in this system and hence areas without contrast can be identified with 
grains of this phase. A comparison of AFM and MFM for both buffer systems suggests that 
most of the highest grains consist of this Nd-rich phase. The film deposited at 560°C on Ta/Cr 
shows clear continuous band domains in the MFM image although most of the grains are 
disconnected from each other. This stripe domain pattern is typical for films with a large 
perpendicular anisotropy. On the other hand, the film deposited at 450°C on Mo shows a 
different magnetic domain structure. The domains are less continuous and more irregular than 
those on Ta/Cr, however, the film has still continuous band domains. The Nd grains are smaller 
and distributed more regularly over the whole film area. Therefore, a bimodal height 
distribution occurs.  
Additionally Fig. 4. 13 shows the dependence of polarization on the measurement temperature 
for the Nd-Fe-B film deposited on Ta/Cr at 560°C. At temperatures above the spin reorientation 
temperature (TSR) of 135 K the moment measured in-plane is low due to the large uniaxial out-
of-plane anisotropy which allows only a small rotation of the magnetization vector from the 
easy axis towards the field direction. At lower temperatures the magnetically favored 
magnetization direction lies on an easy cone with increasing opening angle towards the 
crystallographic c-axis. Hence a certain projection of the magnetization vector contributes also 
to the in-plane measurement and the in-plane magnetization increases. For a completely aligned 
tetragonal crystal like the film on Ta/Cr shown in Fig. 4. 13, however, as in a single crystal, the 
in-plane directions are not all identical. As seen by the increased moment along the [110]NdFeB  
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Fig. 4. 12 AFM and MFM images of films (a) deposited on the combined Ta/Cr buffer at 560°C 
and (b) deposited on the Mo buffer at 450°C 
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Fig. 4. 13 Spin reorientation transition of the Nd-Fe-B film deposited at 560°C on Ta/Cr. 
Measurements have been made in different in-plane directions and applied fields as marked in 
the graph.  
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direction compared to [100] NdFeB, the latter direction is favored in agreement with the basal 
plane anisotropy of the Nd2Fe14B single crystal [Yam86]. When increasing the applied field to 
about 500 mT, this in-plane anisotropy is overcome and identical moments are measured for 
both directions. The respective in-plane anisotropy is illustrated as an inset sketch in Fig. 4. 13. 
4.4 Summary and discussion 
By using a Cr buffer deposited at medium temperatures on MgO(001), epitaxial growth of Ta 
in the (001) orientation is possible. Unlike the epitaxial Nd2Fe14B films deposited on 
Ta(011)/Al2O3(0001) which exhibit three equivalent in-plane orientations due to the 3-fold 
symmetry of Al2O3(0001) [Han04b], the epitaxially grown Nd2Fe14B films on Ta(001)/Cr/MgO 
show a single in-plane orientation. This allows a more detailed examination of the intrinsic 
properties such as the in-plane anisotropy. Also the microstructure in these films differs 
significantly. Compared to the isolated, rectangular shaped Nd2Fe14B grains observed on 
Ta(011)/Al2O3 [Neu04], these films on Ta(001)/Cr/MgO exhibit a more irregular 
microstructure with a lower amount of rectangular grains. On the Ta (001) buffer a coalescence 
of grains is possible, whereas grain boundaries will form when grains of three different 
orientations touch each other, as in the case of the Ta (011)/ Al2O3 system. Formation of grain 
boundaries costs free energy, which could explain the more isolated growth on Ta(011)/Al2O3. 
This difference is most evident at substrate temperatures around 630°C where the highest 
coercivity is obtained on Ta(011)/Al2O3 [Neu04] but the lowest on Ta(001)/Cr/MgO. 
Connected grains over large areas of many microns and irregular shapes are of no benefit for a 
high coercivity. As coercivity in these films is controlled by domain nucleation [Han04b], a 
single defect might be sufficient to switch a large volume and stray fields occurring at 
asperities may induce the nucleation of domains. Therefore it might be difficult to obtain very 
high coercivities for the microstructure observed on Ta(001)/Cr/MgO. On the other side, when 
using the Ta(001) buffer, the best texture and phase formation occur at 560°C, which is still 
lower compared to the films grown on Ta(011)/ Al2O3. Temperatures around 400 °C – a 
temperature very favorable for technical applications – are sufficient for phase formation and 
coercivity already reaches values of 1 T. Possibly the 4-fold symmetry of the Ta (001) buffer 
allows a more simple formation of the Nd2Fe14B phase, which also exhibits a 4-fold crystal 
symmetry around the c-axis. 
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 Another way to regard this growth is to consider the interface energy. On Ta (011) the non-
wetting of the buffer by Nd2Fe14B indicates a high interface energy, whereas the low phase 
formation temperature on Ta (001) indicates a lower interface energy. Ta (011) results in a 
larger misfit compared to Ta (001), suggesting that a low misfit is beneficial for better wetting.  
The films on the Mo (001) buffer and the films on Ta(001)/Cr, both have a very similar texture 
and epitaxy as well as a similar magnetocrystalline anisotropy (HA). The deposition 
temperature required for good texture and phase formation on Mo is even lower than for the 
films on Ta/Cr, which is a benefit for technical applications. Considering morphology and 
extrinsic magnetic properties like coercivity, however, considerable differences are observed. 
Whereas the low wettability of Nd2Fe14B on a Ta (001) buffer results in a still partial granular 
growth with high roughness, films on Mo (001) are continuous and relatively smooth. This 
morphology change can explain the observed differences in coercivity. In a continuous film, a 
few defects nucleating reversed domains are sufficient to switch almost the complete film. A 
very similar magnetic behavior was found for well textured Nd-Fe-B prepared on epitaxial Mo 
(001) buffer by sequential block-by-block evaporation [Kea97]. However, in a granular film as 
prepared on Ta/Cr, these defects affect only the single grain, as a domain wall can not 
propagate through the complete film.  
Though the low coercivity of films on Mo (001) makes these films not directly suitable for 
magnetic recording, the continuous growth on Mo may be suitable for the fabrication of 
patterned media which is not possible with a granular film. Additionally the strain experiments 
in Chapter 6 benefit from a smooth and continuous growth on Mo as in rough and 
discontinuous films a partial stress release may occur.  
The difference in morphology may originate from the differences in the epitaxial misfit. The 
large misfit of 5.9 % for Nd2Fe14B on Ta (001) may contribute to a high interface energy 
resulting in the observed low wettability of Nd2Fe14B on Ta (001)/Cr. The lower misfit of 2 % 
on Mo (001) may enhance the wettability. The resulting gain of interface energy can also be the 
reason for the observed lower phase formation temperature on Mo.  
The Nd-Fe-B films prepared on the different buffer systems present an example of a generally 
observed correlation between texture, morphology and magnetic properties. In nucleation- 
dominated magnetic material low coercivities are found for well textured ,continuous films and 
coercivity develops either for less textured films, such as polycrystalline Nd-Fe-B prepared on 
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Mo (110) [Che05] or for decoupled, isolated grains obtained on Ta(001)/Cr, which is a non 
wettable buffer. However, if the easy axis of all grains is aligned perpendicular to the substrate, 
a direct effect of the in-plane alignment on coercivity is not expected. Indirect effects, e.g. the 
formation of disturbed small angle boundaries, may have an additional effect on the observed 
changes in morphology. 
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The effect of the buffer materials and deposition temperature on the film properties was 
described in Chapter 4. Especially with the Ta/Cr buffer, complete phase formation and perfect 
epitaxial growth occur at a deposition temperature of 560°C. In this chapter, the growth of Nd-
Fe-B films on Ta/Cr is investigated, in particular the influence of composition on phase 
formation, microstructure, texture and magnetic properties. The results are discussed in detail 
with respect to processing parameters including the variation of the Nd/Fe ratio and the B/Fe 
ratio.  
The composition has been determined as follows: For the measurement of the deposition rate, 
the rate monitor had to be kept at room temperature. It may lead to differences to the actual 
deposition rate on heated substrates because the resputtering rate of each element may change 
due to the different mobility at the different surface temperature of substrates. From the rate 
measurements the number of pulses on each target required for the intended film composition 
was calculated. After deposition, the Nd/Fe ratio was measured by energy dispersive X-ray 
analysis (EDX). These EDX measurements give a Nd/Fe ratio about 20% lower than 
determined from the individual deposition rates. As the melting point of Nd (1016°C) is 
significantly lower than that of Fe (1535°C) and B (2300°C), this difference in composition is 
most likely due to evaporation or resputtering of Nd from the heated substrate. Thus, in the 
following results only Nd/Fe ratios as measured by EDX are given. However, it is not possible 
to quantify B by EDX, therefore, the B/Fe ratio is given as determined from the rate 
measurements. Additionally the B content has been measured for the same samples by glow 
discharge optical emission spectroscopy (GDOES). These measurements reveal an atomic B/Fe 
ratio of 0.17, comparable to the B/Fe ratio of 0.14 determined by rate measurements. 
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5.1 Influence of the Nd/Fe ratio 
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Fig. 5. 1 XRD of Nd-Fe-B films with different Nd/Fe ratios at a constant B/Fe ratio of 0.14. 
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First, the influence of the Nd/Fe ratio at a constant B/Fe ratio of 0.14 is described. In all X-ray 
diffraction patterns (Fig. 5. 1) reflections of the MgO (001) substrate, the Cr (002) buffer and 
the Ta (002) buffer can be observed. Both, Cr and Fe have a bcc lattice with almost identical 
lattice parameters. Therefore, it is not possibly to identify Fe reflections if any are present in his 
film architecture. When reflections of the Nd2Fe14B phase are observed, only (00l) peaks are 
visible, which indicates a good alignment of the c-axis perpendicular to the substrate. The 
minor reflection sometimes observed at 2θ = 41° could not be unambiguously indexed; it is 
either a Nd-O reflection or a Nd2Fe14B (204) reflection. However, the relative intensity of the 
Nd2Fe14B reflections varies strongly with composition. This is easiest seen for the Nd2Fe14B 
(008) reflection, which is not disturbed by overlapping neighboring peaks. The intensity of this 
peak normalized to the background intensity is plotted in Fig. 5. 2. At Nd/Fe = 0.043, when the 
Nd content is considerably lower than the stoichiometric value of 0.143, no Nd2Fe14B 
reflections are visible. For a Nd/Fe ratio of 0.14 and higher Nd2Fe14B reflections are observed. 
A maximum intensity is observed around Nd/Fe = 0.35, followed by a strong reduction in 
intensity for higher Nd content. Reflections of elemental Nd can be observed for Nd/Fe = 0.25 
and higher. Additionally in Fig. 5. 2 the relative intensity of the Nd2O3 (202) reflection at 2θ = 
73° is shown, which increases largely for a high Nd content. At higher Nd contents most of the 
Nd is consumed for the formation of the Nd2O3 instead of for the Nd2Fe14B.  
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Fig. 5. 2 Relative intensities for a varying Nd/Fe ratio extracted from the XRD patterns. The 
vertical dotted line matches the ratio for the 2:14 stoichiometric compound. 
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The surface morphology as measured by AFM for characteristic compositions is depicted in 
Fig. 5. 3. Up to a composition of Nd/Fe = 0.14 the grain size is around 100 nm. An increase of 
the Nd-content results in an increased grain size up to some microns for Nd/Fe = 0.25. From a 
Nd/Fe ratio of 0.49, at which Nd2O3 reflections are observed in XRD, a bimodal grain size 
distribution occurs. The film roughness (Fig. 5. 4) increases with the Nd/Fe ratio and finally the 
maximum peak-to-valley distances exceed the averaged film thickness, which coincides with 
the formation of mostly isolated grains. 
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Fig. 5. 3 Surface morphology of the Nd-Fe-B films with different Nd/Fe ratio 
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Fig. 5. 4 Roughness of the Nd-Fe-B films with different Nd/Fe ratios 
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Figure 5. 5 shows hysteresis curves of films prepared with different Nd/Fe ratios. The derived 
magnetic properties are summarized in Fig. 5. 6. At a Nd/Fe ratio below the stoichiometric 
value no hard magnetic behavior is observed. The differences in hysteresis when measuring 
with the field applied within the film plane (in-plane) and perpendicular to the film plane (out-
of-plane) are due to the shape anisotropy (none of the hysteresis curves in Fig. 5. 5 are 
corrected for demagnetization effects). The coercivity increases with increasing Nd/Fe ratio, 
but the saturation polarization of the films decreases. When the Nd content is increased above 
the stoichiometric value a pronounced magnetic texture evolves. This can be quantified by the 
remanence ratio JR ||/JR⊥. 
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Fig. 5. 5 Magnetic hysteresis curves for different Nd/Fe ratios. 
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Fig. 5. 6 Key magnetic properties such as coercivity μ0HC, remanence JR, saturation 
polarization JS (at 9 T) and in-plane to out-of-plane remanence ratio extracted from the 
hysteresis curves for different Nd/Fe ratios. 
 
In-plane and out-of-plane hysteresis curves for films with a Nd/Fe-ratio of 0.14 and above 
intersect at a field around the anisotropy field of Nd2Fe14B of 6.8 T, proving the presence of 
this highly anisotropic phase. The amount of c-axis textured, highly anisotropic Nd2Fe14B 
grains is estimated from the in-plane measurement by the fraction of the hysteresis loop 
(JShard/JS) displaying the expected hard axis behavior. (see also section 4.3) The fraction of hard 
magnetic phase is plotted in Fig. 5. 7 as a function of the Nd/Fe ratio. An almost complete 
formation of the hard phase is obtained at a Nd/Fe ratio around 0.35, whereas for other 
compositions the hard magnetic fraction is largely reduced. This behavior is also visible in 
relative intensity of the Nd2Fe14B (008) peak (Fig. 5. 2) and the magnetic texture (JR ||/JR⊥) (Fig. 
5. 6). The magnetic two-phase behavior can also be observed in some out-of-plane hysteresis 
curves, but a quantification is difficult when the overall coercivity is low. 
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Fig. 5. 7 Fraction of the highly anisotropic phase extracted from the hysteresis curves 
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5.2 Influence of the Fe/B ratio 
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Fig. 5. 8 XRD of Nd-Fe-B films with different B/Fe ratios at a constant Nd/Fe ratio of 0.14 
 
The influence of the B-content is examined at a constant Nd/Fe ratio around 0.14, close to the 
stoichiometric ratio. The most intense X-ray diffraction patterns (Fig. 5. 8) of Nd2Fe14B can be 
observed at a B/Fe ratio of 0.107, which can also be seen in the relative intensity of the (008) 
Nd2Fe14B peak plotted in Fig. 5. 9 (a). When reducing the B/Fe ratio to 0.07, which is close to 
stoichiometry, the Nd2Fe14B reflections disappear almost completely. Likewise, also a too high 
boron content hinders the Nd2Fe14B phase formation. 
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Hysteresis curves are shown in Fig. 5. 10 and the extracted key magnetic properties are 
summarized in Fig. 5. 11. Coercivity, magnetic texture and polarization values do not differ 
much and are quite poor. This is in agreement with the first series where no significant 
coercivity is obtained at a Nd/Fe ratio close to stoichiometry. However, JShard/JS varies strongly 
and an appreciable amount of the highly anisotropic phase is obtained only at a B/Fe ratio of 
0.107 (Fig. 5. 9 (b)). 
Figure 5. 12 shows AFM images and Figure 5. 13 shows the roughness of the films with 
different B content. At a B/Fe ratio of 0.14 the grain size is small and the grains have an 
irregular shape. At lower B contents, grain size increases and a bimodal grain size distribution 
can be observed with some rectangular grains. 
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Fig. 5. 9 Relative intensities extracted from the XRD pattern and fraction of the highly 
anisotropic phase extracted from the hysteresis curves for different B/Fe ratios. 
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Fig. 5. 10 Magnetic hysteresis curves for different B/Fe ratios. 
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Fig. 5. 11 Influence of the B composition on the magnetic properties such as coercivity μ0HC, 
remanence JR, saturation polarization JS and in-plane to out-of-plane remanence ratio. 
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Fig. 5. 12 Surface morphology of the Nd-Fe-B films with different B/Fe ratios 
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Fig. 5. 13 Roughness of the Nd-Fe-B films with different B/Fe ratios.  
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5.3 Summary and discussion  
Most of the results can be understood when considering that the Nd2Fe14B is a line compound. 
However, in thin textured films a phase identification by XRD is significantly more difficult 
compared to isotropic powders as only few diffraction planes lie parallel to the sample surface 
and the reflections may overlap with buffer or substrate peaks. On the other hand, the high 
degree of texture obtained on heated substrates allows to use JS hard/JS as a criteria for phase The 
formation. Formation of the Nd2Fe14B phase is quite difficult when the Nd or B content is 
below or close to stoichiometry. Also, the coercivity is low due to the possible formation of 
ferromagnetic phases with low anisotropy (like Fe, Fe-B). Although these Fe-rich compounds 
have a high spontaneous polarization, the grain size obtained on heated substrates by far 
exceeds the size required for an effective exchange coupling, and, therefore, leads to a 
magnetization reversal at small negative fields. As seen from both the structural investigation 
and the magnetic phase quantification, an increase of the Nd content above the stoichiometric 
composition results in a significantly better phase formation. This agrees with findings in bulk 
Nd-Fe-B [Had99] and might be due to the low melting point and thus high mobility of Nd. It is, 
however, not yet clear, why the required Nd surplus for an appreciable phase formation is as 
high as Nd/Fe = 0.3. It might be partly due to the high surface-to-volume ratio of thin films and 
hence due to oxidation of Nd, which is then no longer available for the formation of the 
Nd2Fe14B phase. As soon as the Nd content is sufficient for the Nd2Fe14B phase formation, a 
pronounced magnetic texture evolves. Most likely this texture is promoted by the epitaxial 
growth of the Nd2Fe14B phase on the Ta (001) surface, however, experimental proof has only 
been possible for Nd-rich samples with sufficient XRD intensity. As a result, the degree of 
texture is independent of the Nd-content – in contrast to other experiments, where the degree of 
texture is often found to vary with the Nd-content, either improving [Kim01, Cas02] or 
degrading [Tan99, Nak99]. 
As Fe contributes most to the magnetic moment, in agreement with most other experiments, a 
decrease of the saturation polarization is observed, when the content of Fe is reduced. Likewise, 
an increase of Nd results in an increased coercivity, which is also typically observed in other 
Nd-Fe-B films and bulk samples. There, the Nd surplus is necessary to form a Nd-rich 
intergranular phase to decouple the grains. In optimized magnets this Nd-layer can be as thin as 
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a few nm, and still high coercivities are obtained. In the epitaxial films presented in this work, 
coercivity develops as soon as a sufficient Nd2Fe14B phase formation is achieved. Furthermore, 
the granular microstructure leads to a physical decoupling of the grains and coercivities up to 1 
T are obtained. Unfortunately, the required high Nd content dilutes the Nd2Fe14B phase und 
thus reduces JS and JR significantly. 
The experiments also indicate that a certain B surplus may be of benefit for phase formation. 
This can be seen most clearly by the JS hard/JS ratio, the other extrinsic magnetic properties are 
not so helpful. A very high B surplus appears to be of no benefit, possibly the formation of 
stable Fe-B compounds occurs. This is in agreement with the observations of Araki et al. 
[Ara99] who observed in TEM an increase of an amorphous phase with increasing B content at 
comparable deposition temperatures. However, in thin films the quantification is difficult. 
Hence, further experiments are required. 
When transferring these results to other experimental conditions the interaction of parameters 
like composition, temperature and thickness has to be considered. For example, thin films are 
quite susceptible to oxidation and reactions with the buffers. Thus a low deposition temperature 
might be of benefit. This might require a higher Nd surplus for phase formation. Films 
deposited at very high rates and moderate temperatures require a lower Nd surplus, but a higher 
annealing temperature [Lin95]. 
In general the influence of composition in thin films is similar to bulk sintered magnets. But for 
high coercivity a significantly higher Nd content compared to bulk magnets is required, which 
in turn reduces the polarization of the films. For a quantification of the phase content hysteresis 
measurements along the hard axis are useful. 
 
 
 
 
 
 
 
6 . The Influence of mechanical strain on the 
intrinsic magnetic properties 
 
Magnetostriction is well known as the dominant factor controlling the magnetization behavior 
in soft magnetic films. For hard magnetic materials, however, magnetostrictive effects are 
usually considered to be negligible compared to the high magnetocrystalline anisotropy. On the 
other hand, changes in the unit cell parameters by external stress are expected to modify the 
anisotropy measurably. In this chapter, an approach is presented which allows the study of the 
influence of large strain on highly anisotropic materials using epitaxial films on flexible 
substrates. Epitaxial films simplify the calculation of film strain and the flexible substrate is 
needed to tolerate stress without fracture. Single crystal MgO (001) is too brittle and breaks 
easily under a small strain value. Si wafers have slightly better mechanical properties, however, 
the MgO and Mo buffers grow with a fiber texture on Si (Fig. 3. 2 (a)). Thus, as a flexible 
substrate, polycrystalline hastelloy with a thickness of 0.1 mm was selected. Hastelloy is a 
nickel based alloy with transition metal 
additions: Mo, Cr, Co, Fe, etc. and does not 
exhibit ferromagnetic order. The magnetic 
signal of the hastelloy substrate is shown in 
Fig.6. 1. The linear increase of polarization 
allows an easy background correction. As a 
buffer layer, Mo is chosen as Nd-Fe-B films 
grow in a smooth and continuous fashion on 
this buffer (described in Chapter 4), which 
facilitates the analysis of the strain effect.  
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6.1 Film growth on IBAD MgO: the unstrained reference state 
To obtain epitaxial growth on polycrystalline hastelloy, a biaxially oriented MgO (001) layer 
has been deposited using ion beam assisted deposition (IBAD) [Mat03] prepared by Dr. V. 
Matias at the Los Alamos National Laboratory. In a next step, a 50 nm thick Mo layer and a 
300 nm thick Nd-Fe-B film were deposited at 450°C identical to the preparation on a single 
crystal MgO (001) substrate. In order to protect the Nd2Fe14B from oxidation, a Cr protection 
layer of 30 nm was deposited on top of the film after cooling below 250 °C.  
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Fig. 6. 2 XRD patterns of Nd2Fe14B on IBAD MgO(001) 
 
XRD in Bragg-Brentano geometry, as shown in Fig. 6. 2, reveals the same reflections of MgO, 
Mo, and Nd2Fe14B as on single crystal substrates (Fig. 4. 1 (b)). Unlike the film on the single 
crystal MgO (001), a remarkable Nd (004) peak appears in the film on IBAD MgO although 
the composition was not changed. According to pole figure measurements shown in Fig. 6. 3, 
IBAD MgO grows with a four fold symmetry on the hastelloy. (222) poles of Mo are measured 
here as they are more suitable for the strain analysis used later on. Mo grows epitaxially on 
IBAD MgO (001) with the epitaxial relation: 
(001)[110]Mo⎜⎜(001)[100]MgO 
as known from the films grown on single crystal substrates (Fig. 4. 5). The (105) pole figure of 
Nd2Fe14B contains 12 peaks, suggesting the existence of 3 equivalent orientations of the 
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tetragonal basal plane on Mo (001). This is different from the growth on MgO (001) single 
crystals, where only one single orientation is observed (Fig. 4. 5). As surplus Nd was added for 
phase formation, a hexagonal Nd interlayer possibly forms on the IBAD buffer on which three 
equivalent orientations for the Nd-Fe-B growth may exist. This might be due to a different 
growth of the surplus hexagonal Nd. However, like in the case of a MgO single crystal 
substrate, the c-axis is perpendicular to the film plane. Additionally 2θ measurements of each 
pole are shown for the unstrained reference state in Fig. 6. 3. As expected, all poles of MgO, 
Mo and Nd2Fe14B have an equivalent 2θ value and an intensity independent from the in-plane 
direction. The roughness (Rrms) of the films on IBAD MgO (001) is around 50 nm, which is 
twice as high as that of the films on single crystal MgO, however, the films are still continuous 
and show a magnetic domain structure similar to that of films on a single crystal MgO substrate 
deposited at 450°C shown in Fig. 6. 4. 
In Fig. 6. 5 the hysteresis curve of the Nd-Fe-B films grown on an IBAD MgO substrate is 
depicted. The in-plane and the out-of-plane curves intersect at around 6.8 T and coercivity, 
remanence and saturation polarization are equivalent to those of the films on single crystal 
MgO (shown in Fig. 4. 8 (b)).  
 
Fig. 6. 3 Pole figure measurements of IBAD MgO, Mo and Nd2Fe14B and 2θ measurements of 
each pole. Continuous lines are shown at Ψ= 30°, 60° and 90°. 
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Fig. 6. 4 AFM and MFM images of a Nd-Fe-B film grown on IBAD MgO deposited at 450°C 
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Fig. 6. 5 Hysteresis curves of a Nd-Fe-B film grown on IBAD MgO deposited at 450°C 
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6.2 Mechanical straining of films on IBAD MgO 
Several methods to introduce strain in magnetic films have been investigated: reversible strain 
by piezoelectric substrates [Thi05], lattice mismatches between films and substrates [Hua06, 
Lee06, Lis07], as well as substrate expansion by hydrogen injection [Moh07]. With these 
methods, a biaxial strain below 0.6% is obtainable. In this work, the hastelloy is strained after 
the Nd-Fe-B film has been deposited on the IBAD MgO/hastelloy substrate. An attempt to 
introduce uniaxial strain up to 4% with a conventional tensile test machine (Instron 8562) was 
made. Hastelloy, which has a high ductility, can accept a plastic deformation up to 30 %, 
however, in these experiments the elongation was limited to around 4 % in order to avoid 
cracking of the Nd-Fe-B, Mo and MgO layers, which would result in an inaccurate stress 
control. A schematic drawing of the investigation set-up is given in Fig. 6. 6. After a Mo and a 
Nd-Fe-B film deposition, the tensile stress along the x-axis was applied and therefore y and z-
axis has compressive strain due to the poisson ratio. Thus, contrary to other methods which 
mentioned above, this approach exerts a uniaxial strain, which breaks the in-plane symmetry. 
 
Fig. 6. 6 Schematic drawing of the investigation set-up 
 
A direct measurement of the stress-strain curve is only possible for the hastelloy substrate 
because the substrate has a much higher volume fraction than the film. In Fig. 6. 7 the stress-
strain curve of the hastelloy is depicted. In this work, stress up to a maximum value of 630 
MPa resulting in 4% plastic deformation of the hastelloy was applied (the used stress-strain 
area is magnified in the inset graph of Fig. 6. 7).  
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Fig. 6. 7 Stress-strain curve for IBAD MgO/hastelloy 
 
6.3 Deformation and magnetic properties after 2% strain 
An analysis of the strain in the film is done by measuring the lattice parameters parallel to all 3 
axes before and after elongation. In this section, first the lattice parameters and the magnetic 
properties for a sample after 2% plastic deformation of the hastelloy substrate will be shown. 
2% plastic deformation of hastelloy is obtained by 570 MPa applied stress. To confirm it, the 
length of the sample was measured before and after elongation. The top view of the Nd-Fe-B 
film after elongation is shown in Fig. 6. 8. Some droplets exist, but almost no cracks are 
observed up to 2% substrate deformation. 
 
Fig. 6. 8 Surface morphology of the Nd-Fe-B film on the IBAD MgO substrate after 2% of 
substrate deformation by optical microscopy 
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The Mo and the Nd2Fe14B layers grow epitaxially on IBAD MgO substrate. Therefore, XRD 2θ 
measurements enable quantification of the lattice parameter along the z-axis as shown in Fig. 6. 
9. However, though the XRD, plastic deformation such as slips and cracks can not indicate, 
therefore the change of lattice parameters are elastic deformation part.   
By elongation, the reflections of all layers are shifted to larger 2θ angles which give a reduced 
d-spacing. The MgO (002) reflection is shifted from 2θ = 50.26° to 50.32° and the Mo (002) 
reflection is shifted from 2θ = 69.18° to 69.32°. The (00l) reflections of Nd2Fe14B are also 
shifted to a higher angle. 
Pole figures after 2 % plastic elongation as shown in Fig. 6. 10 exhibit an additional 2-fold 
modulation of the peak intensity for the Mo as well as the Nd2Fe14B layer. This originates from 
the deformed unit cells, which no longer exactly fulfill one selected θ-2θ condition for both in-
plane orientations. Therefore θ-2θ measurements were additionally performed at certain tilted 
Ψ and Φ angles in order to determine the lattice constants after elongation for both non-equal 
in-plane directions. θ-2θ scans depicted in Fig. 6. 10 and extracted and summarized properties 
in Fig. 6. 11 allow a quantification of the strain in each layer. 
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Fig. 6. 9 θ-2θ measurements in Bragg-Brentano geometry for the unstrained state and the 
strained state (2%) (Co Kα radiation) 
 
A direct measurement of the deformation of the Nd-Fe-B unit cell is not possible due to the low 
intensity, the low angle ψ  and hence the low sensitivity to the in-plane lattice parameters of the 
only available (105) pole. Instead of a direct measurement on the Nd-Fe-B layer, θ-2θ 
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measurements on different MgO and Mo reflections can be used to approximate the lattice 
parameters in the Nd-Fe-B layer.  
 
Fig. 6. 10 Pole figure measurements of IBAD MgO, Mo and Nd2Fe14B and 2θ measurements of 
each pole with Cu Kα radiation. Continuous lines are shown at Ψ= 30°, 60° and 90° and dashed 
lines are measurement ranges.  
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Fig. 6. 11 Φ dependence of 2θ values in MgO {022} and Mo {222} before and after 
deformation 
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Table 6. 1 Relations between the orientation of 3 different axis and different lattice spacings in 
the MgO and the Mo layer 
 
 
For the Mo layer, the (002) lattice spacing perpendicular to the substrate and the {222} lattice 
spacings, which possess a projection parallel or perpendicular to the elongation direction have 
been measured before and after elongation. From that, the distortion ε in all three directions 
will be calculated. Before elongation, the tetragonal distortion from the cubic symmetry 
possibly due to growth strain is below 0.28% in the Mo layer. θ-2θ measurements on the four 
different {222} reflections of the Mo give 2θ = 116.38° ± 0.01° before deformation in all four 
directions consistent with an unstrained state of the Mo layer (solid squares in Fig.6. 1). After 
deformation, the peak positions differ significantly. As shown in Fig. 6. 11, 2θ = 116.8° ± 0.04° 
perpendicular and 2θ = 115.48° ± 0.03° parallel to the elongation were observed after the 
deformation.  
The epitaxial growth of the Mo unit cell allows the use of these reflections to calculate the in-
plane lattice constants (perpendicular to the elongation) and 110d 011d (parallel to the elongation) 
in the Mo layer. The elementary geometry between d-spacings is described in Table 6. 1, 
according to which the d-spacing lying in-plane is obtained by the following equation:  
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The XRD measurements of differently aligned poles quantify the elastic deformation. Thus, by 
a 2% plastic deformation of the hastelloy substrate about 1% elastic deformation of the Mo unit 
cell is obtained. Possibly a part of the 2% strain is compensated by a partial plastic deformation 
of Mo. The volume of the Mo unit cell in the as-deposited state is equivalent to the theoretical 
value of bulk Mo (30.98 Å3). After elongation (31.08 Å3) it increases slightly by 0.3%.  
 
As for the Mo layer, measurements of lattice constants and strain calculation of the MgO layer 
had been performed. The MgO (002) lattice spacing perpendicular to the substrate and the 
MgO {022} lattice spacing, which possess a projection parallel or perpendicular to the 
elongation direction, have been measured before and after elongation. Before elongation, the 
tetragonal distortion from the cubic symmetry due to ion beam assisted deposition is below 
0.55% in the MgO layer which is higher than in the case of the Mo layer. As shown in Fig. 6. 
11, θ-2θ measurements of the different {022} reflections of the MgO give 2θ = 62.11° ± 0.01° 
before deformation in all four directions consistent with an unstrained state of the MgO layer. 
After elongation, the peak position changes to θ = 62.06° ± 0.01° perpendicular to the 
elongation direction ((202) plane) and 2θ = 62.17° ± 0.01° parallel to the elongation ((022) 
plane). 
Using these reflections, the in-plane lattice constant  is calculated for strain perpendicular 
to the elongation and is calculated for strain parallel to the elongation in the MgO layer 
010d
100d
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(described in Table 6. 1). According to Table 6. 1, the d-spacing lying in-plane is obtained by 
the following equation. 
MgO:   
2
001
011
011
100
)(1
d
d
dd
−
=                                              (6. 2) 
Based on equation (6. 2) the values of εx, εy , εz in the MgO layer are calculated:  
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The volume of the MgO unit cell in the as-deposited state (75.55 Å3) differs from the 
theoretical value of bulk MgO (74.725 Å3). This is due to the ion beam assisted deposition. A 
densification with ion beam radiation is expected. The MgO layer has a small biaxial strain 
already before elongation together with a volume change compared to bulk. After elongation 
the volume increases by 1.19 % (75.616 Å3). In the case of MgO {022}, the small 2θ and Δ2θ 
values result in the inaccurate strain calculation. However, the calculation of strain the MgO 
layer still gives a rough idea about the strain of the buffer layers. The strain in the Mo layer is 
higher than that of the MgO layer, but less than that on the hastelloy substrate. MgO is a brittle 
material where fracture occurs easily. Also Young’s modulus and ductility of MgO are smaller 
than those of Mo. Therefore, under the 2% plastic deformation of hastelloy, the MgO layer 
seems to have microcracks which are not big enough to induce cracks on the Mo layer. It is 
suggested that the MgO layer limits the maximum strain to 2% plastic deformation on the 
hastelloy. 
Contrary to a simple uniaxial magnet, Nd-Fe-B exhibits a spin reorientation below 135 K, 
which originates from the competition of the Nd and Fe sublattice anisotropies and manifests 
itself in a sign change of the first anisotropy constant K1 (See Section 2.2). This suggests that in 
this temperature regime strain should significantly influence the magnetic properties. 
Hysteresis curves of Nd-Fe-B films measured at 300 K and 50 K after elongation are shown in 
Fig. 6. 12. At 300 K, the hysteresis curves of the two different in-plane directions have exactly 
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the same shape. Also, compared to Fig. 6. 5, there is no difference to the unstrained state. At 50 
K, i. e. below TSR, the shape of the hysteresis curve changes. Near zero field, both the out-of-
plane and the in-plane curves have steps due to the opening of the easy cone and the anisotropy 
field is reduced to about 4 T. Besides this, depending on the in-plane direction, slight 
differences are seen at low applied fields. 
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Fig. 6. 12 Hysteresis curves of Nd-Fe-B films measured at different temperature after 2% 
plastic deformation of hastelloy 
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Fig. 6. 13 Demagnetization curves in in-plane directions at 50 K before and after 2% strain on 
hastelloy 
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In Fig. 6. 13, demagnetization curves before and after elongation are depicted at 50 K. After 
elongation, parallel to the elongation direction a higher polarization than before elongation is 
observed and perpendicular to the elongation direction a lower polarization than before the 
elongation is observed. Therefore, the effect of strain on the magnetic properties was examined 
by temperature dependent measurements of the polarization J (Fig. 6. 14). The three epitaxial 
orientations of the Nd2Fe14B films on the IBAD MgO buffer average out the 4-fold crystal 
symmetry. Hence, no distinguishable polarization is obtained when measuring along different 
in-plane orientations (Fig. 6. 14 (a)) unlike it was observed for Nd-Fe-B films grown on Ta/Cr 
(See Section 4.3). After elongation, however, the uniaxial strain breaks the symmetry compared 
to the as-deposited state. The polarization measured along the elongation direction increases 
compared to the perpendicular direction, and measurements at 45° to the elongation direction 
show intermediate values. Analogous to a positive magnetostriction constant, the easy cone is 
now deformed to an ellipse (Fig. 6. 14 (b)). When increasing the applied field to about 500 mT, 
this induced magnetostrictive anisotropy is overcome and identical moments are measured for 
any in-plane directions. In both cases shown in Fig. 6. 14, TSR is not affected significantly. This 
indicates that the strain does not have a large influence on K1 which is the anisotropy constant 
determining the spin reorientation temperature, but affects only the opening angle during the 
spin reorientation related to the K2′. 
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Fig. 6. 14 Spin reorientation transition behavior on hastelloy in the (a) as-deposited state and 
(b) after 2% elongation of hastelloy. Measurements have been made in different in-plane 
directions and applied fields as marked in the graphs. The sketch in each part illustrates the 
respective in-plane anisotropy. 
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6.4 Nd-Fe-B films in various strain states 
The induced magnetostrictive anisotropy has been investigated with various strain states. As 
mentioned before, due to the limited ductility of the film, the maximum applied stress is limited. 
In this work 1.5 % (540 MPa), 2% (570 MPa), 2.3% (590 MPa) and 4% (640 MPa) plastic 
deformation on hastelloy were applied. In-situ strain analysis during elongation was not 
possible and only the change of lattice parameters can measure by XRD after elongation. 
Therefore strain values lower than 1.5% was not possible because plastic deformation regime 
of hastelloy is necessarily for the strain analysis. 
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Fig.6. 15 2θ values and strain of the Mo layer with various strain of the hastelloy 
 
Figure 6. 15 depicts the change of the 2θ values and the strain of the Mo {222} planes 
depending on the strain on hastelloy. Compared to other layers, XRD measurement of Mo give 
a reasonable accuracy for strain measurements and therefore the Mo layer was chosen for the 
investigation of the strain dependence. Up to 2% strain, an almost linear increase (( 222 ) and 
( 222 ) plane: perpendicular to the elongation direction) and an almost linear decrease (( 222 ) 
and ( ) plane: parallel to the elongation direction) of 2θ occurred. However, at 2.3%, 2θ and 
the strain of the two different directions are similar to the case of 2% deformation, which 
indicates the appearance of cracks releasing strain in the film. These cracks are observed in the 
sample after 2.3% strain as shown in 
222
Fig. 6. 16. Also, at 4% strain, the intensity of MgO, Mo, 
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and Nd2Fe14B reflections are reduced so that it is impossible to measure 2θ. This can be 
explained by Fig.6. 17, which shows a top view after 4% strain on the hastelloy by optical 
microscopy and scanning electron microscopy (magnified image). As the stress is applied to all 
the layers, many cracks are generated and partial delamination is observed. The partially 
delaminated film is bending, hence the c-axis of Nd-Fe-B is no more perpendicular to the 
hastelloy substrate. The hysteresis curve after 4% deformation of hastelloy shown in Fig.6. 18 
reflects this. Even at 300 K, the in-plane curve has a large step near zero field and the 
intersection of in-plane and out-of-plane is reduced to around 6 T compared to the sample 
before elongation (see Fig. 6. 12). This is because the c-axis is no longer perpendicular to the 
substrate surface in some areas.  
 
 
Fig. 6. 16 Optical microscopic image of the sample after 2.3% plastic deformation of hastelloy 
 
                                                   (a)                                            (b) 
 
Fig.6. 17 (a) Optical microscopic image and (b) SEM image of a sample after 4% plastic 
deformation of hastelloy 
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Fig.6. 18 Hysteresis curve measured at 300 K after 4% plastic deformation of hastelloy 
 
Figure 6. 19 shows the spin reorientation behavior of the samples after 1.5% and 4% elongation. 
The strain dependence of polarization at 300 K and 50 K is summarized in Fig. 6. 20 with 
various applied fields. At 300 K, up to 2.3% strain of the hastelloy the polarization is almost 
constant but at 4% strain, the polarization increases significantly due to the above described 
effect. However, at 50 K, below the spin reorientation temperature, the polarization behaves 
differently. Up to a strain of 2.3 %, the polarization parallel to the elongation direction 
increases and the polarization perpendicular to the elongation direction decreases as expected. 
Independent of the strain value an applied field of 500 mT is sufficient to obtain equivalent 
polarizations for all in-plane directions. At 4% strain on the hastelloy, no difference between 
the in-plane directions is observed for all applied field values. The measured polarization is 
also comparable to the as-deposited state. This suggests that delamination results in a stress and 
strain release. In contrast to the change of the opening angle of the cone below TSR, TSR itself is 
almost identical through the examined strain range. 
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Fig. 6. 19 Spin reorientation transition behavior on hastelloy after (a) 1.5 % elongation and (b) 
4% elongation. Measurements have been made in different in-plane directions. The applied 
fields are marked in the graphs 
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Fig. 6. 20 Strain dependence of the polarization in different in-plane directions with varying 
applied field (a) at 50 K and (b) at 300 K. Polarizations at 300 K are equivalent in all in-plane 
directions. 
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6.5 Summary and discussion  
Usually for materials which have a high magnetocrystalline anisotropy like Nd2Fe14B, the 
change due to magnetostriction is very small and therefore negligible. However, if the films are 
under a high stress, a measurable magnetostriction can be induced by strain and may affect the 
magnetic properties. For both the fundamental study and application of Nd2Fe14B films such as 
for magnetic recording media or magnetic micro-electro-mechanical systems, the investigation 
of magnetic properties under stress is necessarily.  
To achieve enough strain without fracture of the Nd2Fe14B film, a hastelloy substrate was used 
which allows obtaining maximum 30% strain. Flexible substrates have potential for the various 
applications and are useful for the investigation of the strain effect. However, a suitable buffer 
layer is necessary for obtaining an epitaxial or at least textured Nd-Fe-B film. An IBAD MgO 
layer allows for the desired growth of the film. The Nd-Fe-B grows epitaxially on Mo/IBAD 
MgO. For applying stress on the film, conventional mechanical elongation is used and this 
results in uniaxial strain on the films, which breaks the in-plane symmetry. The approach 
combining a ductile substrate and mechanical elongation can be interesting not only Nd2Fe14B 
but also studying the influence of lattice parameter variation of functional properties in more 
detail.  
At room temperature there is no significant degradation of magnetic properties up to 2.3% 
plastic deformation of the substrate. At larger strains like 4% strain of hastelloy, cracking and 
partial delamination of the films occurred and therefore magnetic anisotropy is degraded 
because the c-axis is no any more perpendicular to the hastelloy substrate. It indicates that up to 
a relatively large strain Nd-Fe-B can tolerate strain in room temperature applications. However, 
below TSR a significant influence on the magnetic properties by strain is obtained in in-plane 
directions. Below TSR, after elongation, a higher polarization is observed parallel to the 
elongation direction compared to an unstrained reference sample due to the extended lattice 
parameter. According to Poisson’s ratio, perpendicular to the elongation direction a 
compressive strain is obtained which results in a lower polarization than in the reference 
sample. This means that the epitaxial Nd-Fe-B films have a positive inverse magnetostriction 
under uniaxial strain. This applied uniaxial stress deforms the easy cone to an ellipse. Under 
larger strains than about 2.3% strain on the hastelloy, the strain is released by cracking and 
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hence in-plane anisotropy disappears. TSR itself is not affected significantly by the uniaxial 
strain. Thus the uniaxial strain affects only the opening angle during the spin reorientation.  
Direct measurements of the strain in the Nd2Fe14B films were not possible due to the 
inaccuracy in the calculation of the lattice parameter by XRD measurements of differently 
aligned poles. Instead of that, a strain calculation for the Mo layer gives the possibility of 
quantifying and controlling the strain of the film. This is because for the bcc structure of Mo it 
is simple to measure the lattice parameters in all three directions. This measurement quantifies 
the elastic deformation. By a 2% plastic deformation of the hastelloy substrate, about 1% 
elastic deformation of the Mo unit cell was obtained. Possibly part of the 2% strain is 
compensated by partial plastic deformation of Mo, therefore only about 1% elastic deformation 
is measured. For Nd-Fe-B on the Mo layer, almost no plastic deformation is expected, hence 
the elastic part relevant for the intrinsic magnetic properties may even be higher. Although the 
hastelloy substrate is a very ductile material, the applied strain is limited to 2.3 % due to the 
delamination occurring very likely in the MgO which is a relatively brittle buffer layer. When 
cracks occur on buffer materials, the strain releases and, therefore, results in an inaccurate 
stress control.  
 
 
 
7 . Summary and conclusions 
 
The purpose of this work was to achieve epitaxial growth of Nd-Fe-B films deposited by pulsed 
laser deposition on different buffer materials at various composition ranges to find the optimum 
deposition conditions and to analyze correlation from film growth to magnetic properties. 
Having accomplished this, the next step was to study the magnetic properties of the Nd-Fe-B 
films under stress.  
 
To achieve epitaxial growth and to protect the film from oxidation a buffer layer is necessary. 
Nd-Fe-B films prepared on different buffer systems allow to correlate growth, texture, 
morphology and magnetic properties. The combined Cr/Ta buffer as well as the Mo buffer 
grow epitaxially on MgO (001) substrates. Nd-Fe-B films grow epitaxially on both buffers with 
the orientation relationship: (001)[100] Nd2Fe14B || (001)[110] Ta || (001)[110] Cr || (001)[100] 
MgO for the combined Ta/Cr buffer system and (001)[100] Nd2Fe14B || (001)[110] Mo || 
(001)[100] MgO for the Mo buffer system. On both buffer layers, films reach a similar 
magnetocrystalline anisotropy as well as texture and epitaxy. They, however, differ 
significantly with respect to surface morphology and extrinsic magnetic properties like 
coercivity. These differences originate form the different epitaxial misfit for both buffers 
resulting in a different wettability. Films on Ta/Cr with low wettability due to the large misfit 
around 5.9% have a rough surface with a relatively granular grain morphology. The 
discontinuous and isolated grains interrupt the movement of domain walls. As coercivity in 
these films is controlled by avoiding domain nucleation, films grown on Ta/Cr reach a high 
coercivity. On the other hand, films on Mo have a better wettability, presumably due to the 
lower misfit of about 2%. These films are relatively smooth and mostly continuous. In the 
continuous film, few defects nucleating reversed domains are sufficient to switch almost the 
entire film. Therefore films grown on Mo exhibit a low coercivity. Also, the low interface 
energy due to the low misfit is suggested to result in a lower phase formation temperature. 
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Phase formation on Mo is optimum at about 450 °C, a temperature favorable for technical 
applications compared to the about 650°C required for Ta/Cr buffers.  
In addition to the buffer material, the composition of the film strongly affects the 
microstructure and magnetic properties. The formation of the Nd2Fe14B phase is quite difficult 
with a Nd or B content below or close to stoichiometry. The coercivity is also very low at these 
compositions due to the formation of ferromagnetic phases like Fe and FeB with a low 
magnetocrystalline anisotropy. As in bulk Nd-Fe-B, an increase of the Nd content above 
stoichiometry results in a significantly better phase formation together with improved magnetic 
properties. However, above an atomic ratio of Nd/Fe=0.3, Nd is consumed by oxidation thus 
hindering formation of the 2-14-1 phase. As soon as the Nd content is sufficient for the 
Nd2Fe14B phase formation, a pronounced magnetic texture with the c-axis perpendicular to the 
film plane is found. As no significant influence of the Nd content on texture is observed, it is 
suggested that this texture is promoted by the epitaxial growth of Nd2Fe14B on the Ta (001) 
surface. Surplus Nd is necessary to form a Nd-rich intergranular phase which magnetically 
decouples the grains, therefore increasing the coercivity up to 1 T. On the other hand, a high Nd 
content reduces the content of Fe contributing most of the magnetic moment. Thus, the required 
high Nd content dilutes the Nd2Fe14B phase and reduces saturation polarization and remanence 
significantly. Similar to a Nd surplus, a certain B surplus may be of benefit for the phase 
formation. However, a very high B content appears not beneficial as presumably stable Fe-B 
compounds form. In general the influence of composition in the thin films is similar to bulk 
sintered magnets. However, a significant higher Nd content compared to bulk magnets is 
necessary for a high coercivity, but this reduces the saturation polarization and hence the 
remanence in films.  
Nd-Fe-B films presented here are usually interesting for the application such as for magnetic 
recording media or magnetic micro-electro-mechanical systems (MEMS) like motors or  
actuators. In addition, these films are model systems for studying the influence of strain on 
intrinsic magnetic properties. The magnetoelastic anisotropy is usually considered to be 
negligible in Nd2Fe14B. Therefore, only few investigations on the effect of strain are reported 
which in addition have been done only on polycrystalline Nd2Fe14B [Kuz95, Iba87]. In this 
work, using a simple conventional tensile test machine, epitaxial films are elongated with 
uniaxial strain. As a ductile substrate, hastelloy was used allowing deformation up to 30%. To 
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obtain epitaxial growth on this polycrystalline substrate, a (001) oriented MgO buffer grown by 
ion beam assisted deposition has been used. Mo was chosen as additional buffer to obtain a 
smooth and continuous Nd-Fe-B film, avoiding stress relaxation at grain boundaries. By a 2 % 
plastic deformation of the hastelloy substrate about 1% elastic deformation of the Mo unit cell 
was obtained. This elastic deformation was quantified by XRD measurements of differently 
aligned poles. This huge elastic deformation has a significant influence on the magnetic 
properties of the epitaxial Nd-Fe-B grown on top of the Mo buffer. A key difference is 
observed below the spin reorientation temperature TSR. The applied uniaxial stress deforms the 
easy cone to an ellipse. For the present system the elongation was limited to about 2.3% strain, 
as at higher strain delamination occurs, very likely in the MgO buffer. This value, however, 
exceeds the maximum strain achievable with conventional methods. In addition, the uniaxial 
deformation compared to the usually applied hydrostatic or biaxial stress allows for a more 
detailed study of anisotropic properties. The present experiments proof the universal feasibility 
of this concept. It will allow studying the influence of lattice parameter variations of functional 
properties in more detail. 
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